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FOREWARD TO THE FIRST EDITIOW 


The development of systems of automatic adjustment and control confronts the 
theory and practice of automatic adjustment with new and increasingly complicated 
problems. 

For the last 8-10 years in the solution of these problems d-c electronic 
analog computers of direct current found wide application. They are used for cal- 
culation, in the carrying out of experimental investigations and :>:tings, and most 
recently as elements themselves of systems of contral and adjustment. However, the 
value of electronic analog computers is far from exhausted by these applications 
alone. 

The combination of electronic models with electronic digital computers, the 
construction of combined discrete-continucus computers opens in the technology of 
modeling broad new prospects. 

In spite of all this, in the domestic literature to the present in essence, 
books containing generalised end systematised questions of theory, general princi- 
ples of construction and asthods of wee of d-< electronic models, summrising experi- 
eace accumlated in the Seviet Union and abroad, are lacking. 

The purpose of the present book is to fill the existing gap in the literature 
om the considered question. Contents of the boek are limited to the consideration 


of electronic models and their main decision elements, and also to questions of 
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application of models for salution of problems of the dynamice of automtic control 
syetens. 

In this there is caken the assumption that the operational amplifier possesses 
ideal frequency responses, i.8., ite transfer function in the open state is 9 con- 
stant number, equal to the amplification factor. This assumption wade it possible 
to ignore in this book, intended for the initial familiarisation for a wide circle 
of readers with the technology of electronic modeling, with a number of cceplicated, 
very important, interesting, but at the same time still not completely developed 
Questions. 

The limited contents of the book also impelled the author to exclude from in- 
vestigation a number of questiong which, in regard to the solution of problems of 
automatic control are not of prime importance or can be solved with yreat effective- 
ness with the help of cther means of computing technique. The latter questions 
include in the first place solution with the help of electronic modele of algebraic 
equations, partial differeutial equations and integral equations. 

Contents of the book are calculated for the reader, who is familiar with ques- 
cions of theory and practice of automatic adjustment and control, aad also with 
the principles ef electronics. 

In the writing of this book there were used results of the development of a 
series of electrenic models of type EMU, obtained by the author and his callabere- 
tors in the Institute of Automation and Telemechanics of the Academy of Sciences of 
the USSR, and aleo material from lectures on the course “Simulation of systems of 
automatic adjustasat,” presented ty the author fram 1950 to 1956 for the Higher 
Engineering Courses at Moscow Highest Techmical School, in the Inetitute of sutoam-— 
tion and Telemechanice of the Academy of Sciences of USSR for ecientific collabore- 
tore aad in the Noecow Physicotechnical Institute. 


20 is Reseian abbreviation for elestrenic analog computer, Bi, Note. 





References to the literature used are given in the text with indication of the 
surnames of the author and ordinal number of his work (in brackets). The list of 
sited litereture show at the end of the book is composed in Russian alphabetical 
order by surnames of the authors). 

I consider it my om pleasant duty to offer my deep gratitude to A. A. Fel 'ddau, 
I, Z. Teypkin, I. M. Tetel'baum and L. V. Yamshanov, who examined the manuscript and 
made a number of valuable remarks, which were considered in the final editing of the 
beok. I express gratitude to V. A. Trapesnikov, whose advice I constantly used during 
the ten-year joint work in the fields of electronic simulation, and to the collective 
of collaborators with whom the author worked at the Institute of Automation and Tele- 
mechanics. 

During preparation of the manuscript for publication great help was rendered to 
the author by F. Ye. Tranin, V. V. Gurov, A. A. Maslow and T. V. Pritullo, for which 
the author expresses his sincere gratitude. 


Moscow, April 1957. 





Wer a fuller bibliography en questions of simlation from 1%7 to 1955 see the 
journal Automation and Telemechanics, V. XVII, Me. 3 and 4, 1956. 
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FOREWARD TO THE SECOND EDITION 


The broad introduction of electronic analog computers (electronic modeling 
denies) in the practice of ecientific investigations and technical developments, 
apparently explains the fact that the first edition of the present book was sold 
out very fast and there appeared the necessity for republication. 

In the second edition the general structure of book is retained. The intro- 
duction was rewritten; in the first Section (Chapter IV) there is added a Sub-Section 
on amplifiers with parallel chamels of amplification. The secom Section is sup- 
plemented by two Chapters — XII and XIV. The first is devoted to solution of ~ro- 
blems of automatic control in cases of fractional rational transfer functions, the 
second — to methods of investigation of the dynamics of systems, whose range of 
change of variables (coordinates) exceeds the dynamic range of the analog installa- 
tion. Corrections are introduced in the table of installations produced in the USSR 
and abroad (Appendix Ii); photograpiis of obsolete samples are replaved by photographs 
of contemporary ones. The list of literature is completed mainly with names of booke 
on analog computing tochnique, issued after the first edition of this book”). 

In the second edition are also corrected noticed misprints and inaccuracies. 





*See bibliography on questiona of analog computing technique from 1955 to 1%) 
in the journal Automstion and Telemechanics, V. IVIII, Mo. 9, 1957; V. XIX, Mo. 5, 
1958; V. XX, Mo. ll, lz, 1959; WIXI, Bo. 12, 1960; V. XXIII, No. 2, 3, 192. 





The author considers it his privilege to express deep gratitude to all comrades who 
Lidieated errors in the first edition. 


Moscow, May, 1962 B. Kogan 











INTRODUCTION 


The development and wide propagation of systems of autamtic adjustment and 
control in industry and military technology require the solution of a nuwber of 
probleme comected with questions cf rational selection of structure and elements 
of these systems, evaluating the influence of separate paremeters on the nature of 
transient and steady states. 

Refore the investigator and designer there is placed the problem of giving not 
only a qualitative solution of these probleme, but also to bring the solution to a 
numerical result. Even for comparatively simple linear systems of automatic adjust- 
ment the latter presents know difficulties practically in all stages of development 
(composition of the mathematical description, calculations of transients, experi- 
mental investigation of systems) and requires significant expenditure of time. These 
difficulties increase with complication of the system of automatic adjustment (for 
example, in case of the milticircuit systems), with the presence in che system of 
elements with nonlinear -haracteristice and wariable parameters, and aleo with the 
' necessity of taking into account contanuously varying remion disturbances. 

: Examples af such aystens of auccmtic adjustment are systems of stabilisation 
of the motion of a.rcraft, systems of industrial adjustment with a constant delay 
(for example, systems of automatic adjustaent of *hs thickness of rolled material), 
systems of automatic tracking of target by radar, when into the error signal enter 
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besides the useful signals also interferences, systems of automatic adjuetment and 
control with many interconnected regulated magnitudes (boiler, paper-meking machine, 
complex power installation, etc). 

Qn the other hand, the acceleration of processes in objects of adjustment. (in- 
tensification of production) leads to increase of the influence of small parameters 
and nonlinearity of the regulator and object. In these cases the systems are des- 

- oribed by nonlinear differential equations of a high order, for whose salution, in 
general, enalytic methods are still not developed, With the analogous position one 
also cames into contact during investigation of automatic control and adjustment, 
systems which are based on new principles (for example, optimising control and self- 
adjusting systems). 

The use of the methods and means of simultation at a definite leve! of the 
analytic investigation of systems of automatic adjustment allows one to obtain 
solutions for the enumerated problems, reducing thereby to a minimum the required 
expenditure of time. 

The essence similation consists af replacement of the whale control systems or 
certain of its eloments with a model, in its properties to greater or lesser extent 
reproducing propertivs of the initial system or ite separate perta. Then in the 
system, containing the model, there appear processes anaiogous to those which take 
place in the real system. Theee processes one can obeerve, record, check for their 
conforadty to the resulte of theoretical analysis, = @ the analytic calculations 
of the transient with ite direct observation, test, and adjust the system in 
laboratory conditions. 

Thus, simulation allows one aleo to salve the basic problems of axperinmental in- 
vestigation. 

At present there are distinguished two basic methods of simulation: 

1. Physical eimiation. 

2. Mathematica) eimlation. 
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Physical si:milating is basea on study of nhenomena on modela of the same physical 
natures as the original. Examples are tests cf aircraft modely in wind tunnels, the 
replacement of huge synchronous gererator by a aynchionoue generator of smaller 
dimensions. 

Inasmuch as the phyaical nature of the process is retained, the model reproduce 
whole conplex of phenomena, characterizing the investigatei process. In this com~ 
plex enter or can enter, in particular, also such aspects cf tite phenomena or process, 
which do not yield to mathematical description and cannot be considersd in the equa- 
tions of the process. Therefore, physical simulation permits one to deepen the know-~ 
ledge regarding tre complex of the occurring phenomena, to refine and to facilitate 
the mathematical description of separate processes. Methods of m2t..amatical simula- 
tion, which reproduce the investigated process only in ths frames of the given equa- 
tions are partly devoid of these porsibilities. 

Physical simulation has been applied in technology for a long time, mainly 
in aero- ard hydrodynamics and in corstruction technology; it finds application also 
in many cases of investigations of control systems. 

The method of physical simulation of control systems has the following merits: 

a) the properties of the control system are reproduced more fully than in mathe- 
matical eimulation, resting on an idealised mati ematical aescription of the 
object; 

‘) the regulating equipment can be joined to the model without conversion de- 
vices, introducing additional errors and distortion. 

At the same time physical simulation has also substantial deficiencies: 

a) during investigation of each new process it is necussary to create a new 
model: 

b) variation of the parameters of the simulated objec, usually causes labor- 
consuming alterations of the model or even ite replacement; 


c) medele of complicated objects (boilers, varioi.s power plants) usually are 


very expensivs. 

Determining the place ef physical simulaticn, one should note that this method, 
without doubt, is less versatile than the method of mathematical simulation, but in 
& numbar of cases it turns out to be very effective; for example, for the investi- 
gation of processes of adjustment ana various non-stationary regimes in power syr- 
tems, separate units of chemical and metallurgic productions, in inwestigation of 
autcaation of electric drives, in investigation of pneum.tic regulators, otc. 

The theory and practice of physical simlation is sufficiertly well-dsvelopac 
in deestic and foreign works”, 

Tueing the investigation of systems of cutomatic ccnirol during the last few 
yeare msthods of mathematical aimuletion received wide application, based on the 
identity of differential equations describing the phenomena i: the original and the 
model. They permit one to accomplish with the help of one device the solution of a 
‘hole group of problems, provide speed and ease cf transition from one problea to 
another, the possibility of introduction of wariable parameters and various initial 
conditions, almi:+ sonplete removal of the influence of its ow: »arazeters of the 
model equipment on accuracy of the solution, simplicity of introduction of various 
kinds of systematic and random disturbances, possibility of similating systeuw of 
automatic control by elements, 

Equally with this with mathematical simulation it is possible cosparavively 
simple to change the parameters of separate elements of the investigated system and 
explain the irfluence of these changes on the performance of the systea on the 
whole. 

In many cases it is useful to coabine installatians of physical and mathematica. 
simulation in a single system, allowing a.e to combine the advantage of both methods. 

In mathematical simulatisn the original is the mathematical description of the 


*See in Ruseian the works of M, ¥. Kirpichev and M. A. Mikheyew (1], M. P. 
Kostenko eal Vv, A. Venikuv it}. 
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process, and the mathematical models themselves can be considsred the devices realiz- 
ing the given mathematical relationships, i.e., computers, 

In sach computer the mathematical operations, aseigned by the initial equations, 
are executed on certain so-called machine quantities. Each quantity, participating 
in the initial relationships, can be, thus, placed in conformity with one or several 
of the machine quantities. 

Depending upon the method of representation of the initial quantities in the 
machine there are distinguished two classes of computers: 

1) digital computers, 

2) analog computers, 

In digital computers the instantaneous value of each initial cuantity is repre- 
sented as several machine quantities, whose weight, or value, ie determined by their 
spatial or temporary location (the position code of the representation of the ini- 
tial quantity). In purely digital machines the transition from the initial quantity 
to its representation is accomplished by quantization of the first one by leval. 
Flementary mathewatical operations, executed on the representing quantities, are 
limited here to the addition composition and shift. Since each mathematical operation 
requires a certain number of additions of numbers, renresented in position codes, 
then to obtain a resuit always requires a finite time. By force of this the selection 
of the values of initial continuous quantities is executed discretely (with quanti- 
sation in tiue). 

Anlog computers are characterised by the fact that to each instantaneous value 
of the initial quantity is placed in conformity an instantaneous value of a machine 
quantity, often differing in physical nature and scale factor. 

Important is the fact that rach elementary computing element in the machine 
executes a strictly defined elementary mathematical operation on machine quantities. 

To this operation, as rule, there corresponds a certain physical law, estab- 
lishing required mathematical dependences between the physical quantities at the 


-10- 


RARE ere a emer = 


input and output of the computing element. As such laws it is possible, for example, 
to indicate the laws of Ohm and Kirchhoff for electric circuits, the expression for 
the Hall effect, Lorents force and so forth. 

The division accepted herein of computers, by the method of representation of 
quantities, into analog and digital, in distinction from the general-usage division 
(by the nature of signels circulating in the machine) into continuous and discrete, 
in the opinion of the author, reflects better the most es.ential laws of the work of 
a computer. 

Processes in computers of both classes can be described by mathematical relation- 
ships (although different), which are analogous to the mathematical relationships of 
the initial problem, and in thie sense from the most general positions computers 
can be considered means of mathematical simulation and one can preserve for electronic 
analog computers their former name-electronic simulating devices. 

In accordance with these determinations in Fig. 1 is depicted the classification 
of means of mathematical simulation. 

Peculiarities of representation of initial quantities and construction of sepa- 
rate computing elements in analog computers to a significant measure predetermine 
their comparetively high speed of work, simplicity of programming and setting-up, 
limiting, on the other hand, the dynamic range and accuracy of the obtained result. 

As compared with digital computers analog devices differ also by less versatility 
in the sense that during transition from one class of problems to another it is neces- 
sary not oly to change the relationship between the nunber of linear and nonlinear 
computing elements, but also to supplement the installation in principle with new 
elements. 

The limitation of accuracy in most cases is not a substantial obstacle to use 
of these devices, since systeme of automatic adjustment and control, as a rule, are 
crude, in the sense of Andranov, dynamic eystems whose paremsteres are knowm with 
an accuracy not exceeding 10 to 20%. 





The impossibility of solving any problem by the same equipment should also not 
be considered a substantial limitation for analog technology, considering its appli- 


re 


cation for the solution of problems of the dynamics of adjustment and control. These 
problems, basically reducible to the class of ordinary differential equations, can 
be solved with success within the limits of one, sufficiently great quantity of 


computing elements, installation which remains still comparatively simple and re- 
liable. 





It is impossible to compare digital computers to analog ones. Both classes of 
computers have an independent value and their own sufficiently clearly outlined region 
of application. 

Future progress of analog technology, apparently, will be connected with tho 
penetration of digital methods. For example, one should point cut the development 

of so-called digital models, for which separate computing elements execute mathemati- 

t cal operations on increments of variables, represendted in one of the digital codes, 

and where the transfer of results from block to block is carried out just as in 

analog computers. During paralled carrying out of separate arithmetical operations 

it is possible to reach a comparatively high speed of operation and accuracy, avoiding 

the necesaity of labor-sonsuming programming of the problem, The skeleton diagram 

of the joining of two blocks of such a device is showm in Fig. 2*, 

Still greater prospects are promised by the construction of combined analog- 

i digital devices, in which to increase accuracy of solution the part of the opere- 
tions, mainly nunlinear placed on digital devices or in which the analog installation 
solves the problem simultaneously with the digital, where to the analog installation 

| is entrusted solution of the problem in increments, and to the digital-—-eseking 

‘ the solution, corresponding to unperturbed motion. ere the error of the analog part 

will be an error of the second order of emaliness as compared to the errcr of 





e 


*K, V. Diprose [1]. Analogous principle of construction of machines i'or inte- 
gration of differential equations was offered independently by Prof. L. I. Gutermakhes 
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determination of the unperturbed motion. 





Pig. 2. Skeleton diagram of electronic model with 
digital elements. l-—input memory units; 2-- 
arithmetical element (adder); 3—cutput memory 
unite, 4——tranamission of signal to other units; 
5S—arithmetical element (integrator); 6—control 
element; 7--order to start calculations; 8— 
order to transmit the result. 

It is natural that in such combined systems devices commecting the analog 
part with the digital part acquire great significance, 

To the analog computer technique and related disciplines is devoted « great 
number of works of domestic and foreign scientists. Thus, in the book by I. 5. Bruk 
(1) there is a description of the mechanical integ-.tor created under hin ieadership 
and method of its use is presented, 

Regarding the theory of the work and constructian of the mechanical computers 
light is throw upon the subjects in booke of N. I. Pehel'nikow [1], A. A. Birshteyn 
{1}, A. Svoboda {1}, S. 0, Dobrogureciy 1), S. 0, Dobrogurakiy and V. K. Titow {1}. 

Questions of the general theory of accuracy of mechanical computers and dynamic — 
accuracy of electric circuite are discussed in books by N. CG. Bruyevich [1] and 
M. L. Bykhowekiy (3). In the book by I. I. Btterman [1] there is considered a number | 

' 
of mathematical aspects of preparation of problems fcr solution on analog computers, 
and also there are shun certain approaches to appraisal of the accuracy of solution : 
and there is camposed a set of test prodlens. 

Mechanical and electromechanical computers is the subject of books by B. I. 


Stanislaveiciy {1}, Ya. ¥. Novoeel'teev and A. N. Lebedev [1], a monograph by 


M. Ye. Kobrinskiy{1], a textbook by MN. G. Bruyevich and B. G. Dostupow [1] and 
summaries of lectures by G. M. Zhdanov {1, 2]. In these books are touched also 
questions of construction of electronic linear and nonlinear computing elements. 

G. Le Shnirman [1) in @ work devoted to the development of differentiating and 
integrating devices for vibrographs, first. systematically expounds the analysis of 
electric differentiating and integrating circuits and indicates the expediency of 
their use for the construction of electronic amplifiers, 

Theory and results of the development of the original electronic integrator with 
the use of a-c amplifiers, working with artificial iteration of processes, and also 
an electrointegrator for solution of partial differential equations, carried out on 
electric nets, are presented in books by L. I. Gutenmakhor (1. 2}. Theories and 
techniques of electronic analog-computers with iteration of processes are developed 
also in books by R. Tomovic [1], R. Tomovic and W. Karplus (1). 

Principles of the theory of electric and electronic analog computers, besides 
the monograph by N. Ye. Kobrinskiyand the men\ioned books by L. I. Gutenmakher, 
were developed alec in books by F. J. Murray [1] and F. H. Raymond [{1J. In the 
latter the account is conducted with reference to d-c linear electronic integrators, 
and a number of theoretical computations based on results, published in the book by 
I. Gutenmakher (2) mentioned above. In the book by F. H. Raymond is discussed 
experience of the French firm SEA. 

questions of mathematical simulation are most completely considered in the book 
by W. W. Soroka [1]. Here are the description and principle of work of mechanical, 
electromechanical, electric and electronic computing elements, devices for solution 
of algebraic linear and nonlinear equations, deecriptian of a mechanical integrator 
and principles of construction of electronic integrators. In the book there are 
aleo expounded the principles of construction of modele on the basis of analogies 
and devices, reproducing partial differential equations and finite differences. The 


book reminds one in many respects of the work of L. I. Outenmakher (2). Principles 
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of construction of madels on the basis of analogies from passive elements and the 
application of the theory of similitude to simulation are presented in the book by 
I, M. Tetel'daum [1). 

D=c electronic analog computers received the moct detailed discussion in bonks 
by G. Korn and T, Korn (33, 4. S. Jackson [1] and the four volumes by S. fiver (i). 
Here are questions regarding the method of solution of problems, principles of con- 
struction of separate computing elements and description of certain types of elec- 
tronic models, produced in the United States of America. The books of C. L. Johnson 
[1], G. Smith and R. Wood [1], I. Ne Warfield [1], A. E. Rogers and T. W. Connoly 
(1), Danloux-Dumesnile [1] are good guides and training aide -n application of 
electronic analog computers, Among treining aids ome must also mention the summary 
of lectures by V. S. Tarasov [1], devoted to linear computing elements. 

At the same time there appeared books in which the authors sought to embrace 
the whole field of computer technique, both analog and digital. Among these works 
first of all one should consider the books by A. A. Fei'dbaum [5] and M. Pelegrin 
{1}. The encyclopedicness and extraordinarily wide scope of questions, naturally, 
could not allow the authors to allot sufficient place to questions of analog cam- 
puter technique. 

Probleme of mathcmatical simulation were also considered in a number of books, 
devoted to the theory and practice of automatic control: T. N. Sokolow {1], A. A. 
Fel'dbaue (1), F. 5. Nixon [1). 

Books of the overwhelming majority of foreign authors basically are devoted to 
questions of terhnique of analog computers and specifically their application for | 
solution of concrete problems. 


Together with the extensive literature on questions of techniques of analog 
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computers, produced recently intense scientific -nd design developments both of 


machines as &@ whole, and also their separate elements have not stopped. In the 
United States, France, England, Yugoslavia, Norway, Belgium and especially in recent 





years in Japan many firms, including aviation firms, are occupied with the develop- 
ment of these machines. 

Ori‘inal constructions of analog computers of various type, buiit in our country 
under the leadership of L. I, Gutersmkher, I. V. Korol'kow, V. &. Trapesnikov, A. A. 
Fel'dbaum, V. 8. Ushakovy, G, M. Petrov, Ll. N. Fitener, I, M. Vittenberg, T. N. Sokolov, 
P, P, Gorayev, O. ¥Y. Kirillov, L. V. Yamshanov, V. A. Kotel'nikov, G, L. Polisar, 


A. V. Shishkin and sihers, were successfully used for the solution of problems of 


automatic adjustment and control. 





SECTION I 





ELECTRONIC ANALOG COMPUTERS AND THEIR ELEMENTS 





CHAPTER I 
METHODS Or’ MATHEMATICAL SIMULATION 


l. the f 

Mathematical cimmlation in recent years is developing into two basic directions: 
construction of models by direct analogy on the basie of known systems of analogies 
ami construction of computers (digital and analog). 

In the construction of models of tne first type there are used systems of analo- 
gies between phenomena of a dirferent physical naiure, for example the analogy be- 
tween mecnanical and electric phenomena, between electric and acoustic phenomena, 
between electric and thermal phenomena. “his allows one to transfer the study of 
phenomena in the original to the models of a Shysical nature different from the 
original. Transition from one regicn of physicai phenomena into another here pursucs 
the goal of simplifying chsapening manufacture of models, making method easier and 
increasing the accuracy of measurement of the desired quantities. Thus, for exaapir, 
the motion of a mechanical pendulum (Fig. 3) near the position of equilibrium with 
viecous friction under the infleance of a perturbing influence F(t) can be described 
by differential equation of thie fors 
Nh wes myles - Fut, (1.1) 
“Yotion of charges in a circuit (Pig. 4) with lumped constants (L, KR and C), 


to which there ie applied an electromotive force (emf) E(t), is described analogous.y 
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by the equation: 
dly dz. 1 : (1.2) 
Lat a a 
where Q ja the electric charge. 

The identity of differential equations 
(1.1), (1.2) allows one with the corres- 
ponding selection of constants to conduct 
the atudy of mechanical oscillations on 


en electric model and vice versa. 





3. Physical An example of the application «f ana- 


Fig. 
pendu).um. 


logy for investigation of systems of auto- 


matic control is an slectrodynamic device™, 


| R 
wy € At the base of the device is an electro- 
i Z 

iw dynamic analog (Fig. 5}, a system of five 
Fig. 4a Or~ 
cillatory cir electromagnets and five frames, located 
cuit. 


in the air gapa of the cores of the elec- 
tromagnets. 

The firet four frames are placed in radial gaps of the electromagnets; the fifth 
frame ie disposed in an uniforw field, formed netween the plane-parralliel poles of 
the core of the last electrogngnet. in the absence of current in the frames of the 
analog the plane of the fifth frame is perpendicular to the direction of the magnetic 
flux, Each freme has an outlet from the conter point. In the inatrument there is an 
indicator of the angle of rotation of the frame (the critical angle is + 45°) and 
& limiter of current in the frames, triggered with turning of the mobile part at the 
critical angle. In the lower part of the mobile system are affixed loads on a rod 


#a device of this type for solution of equations of the second order was offered 
by N. F, Minoraky (1] (see alwo K. A. Ludeke (1]j, (2]). V. V. Soldownikoy [1] 
applied it in 1939 for investigation of a system of automatic adjustment of a hydro- 
turbine. Results of later works with an electrodynamic analog are doscribed by 
Vv. A. Karabanov [1]. 
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far application of the required mossnt of inertia, 


Fig. 5. Device of an electrody- 
namic analog. 1—dural shaft; 
2—frames of electromagnetea with 
& radial gap; 3—permalloy cylin- 
ders; 4-—fixed part «f the mag- 
netic circuit; 5— windings of 
electromagnets with radial gap; 
6—loads, movable on the rod; 7— 
frames of electromagnet with plane- 
parallel gap; 8—~vlectromagnet 
winding 


Tue equation of motion of the mobile 
part of the analog can be written thua: 


~H 
a ae ~= és Al, (1.3) 


where J — the moment of inertia of the 
mobile part, © -» the angle of retation 
of the mobile part, counted off from the 


initiel position, x M, = the sum of 
moments of all forces, acting on the mobiles 
systen, 

The totality of moments cof ali forces, 
acting on the mobile system, can be divided 
into two groups: mechanical moments and 
Disregarding 
the moment of dry friction, mechanical 


electromagnetic moments. 


moments can be reduced to the eum of the 
moment, caused by elasticity of the sus- 
pension and the moment of friction with 
air: 

mM =~ (ep+ OG). (Leds) 
where c, and b — constants. 


Electromagnetic moments, ieveloped 


by frames, can be in turn divided into motive and retarding for each types of magnetic 


systom, utilised in the instrument. 


For a magnetic system with radial gap the torque caused by interection of current 


in the frame with a magnetic flux in the gap, will be 


MS k/, ¥ cos 2. 
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(1.5) 


where T= 7MlR=wh(t) — the total number of flux linkages (D ~ frame width, 
Bo ~~ magnetic flux density in gap, } -~ frame length), I, — current intensity in 
Winding of the loop, k — proportionality factor, considering dimension, w — number 
of turns of the loop winding, 

in casos, when ¢ is small 


A — Ri. (1.6) 


During motion of the frame in the radial magnetic field in the winding of the 
freme is induced an emf of rotation, which in the variable flux will be determined 
by the expression 


a o LP (smal (1.7) 


For amall ¢ we obtain: 


8 = w( —e -- eb (f) ar) (1,8) 


If the resistance of the circuit of the frame is equal to r +R, then current 
in the frames wer the influence of this emf will be 


L=—® 
7 +R 


and the retarding moment can be found by the formla 


(aa ke? ss a(t) 9 de 
Mint ss - reK [te Oe + OH) i |- (1.9) 


For the fifth frame, moving in a plane-parallel field, the torque will be 


My” = k¥, (6) 1, (2) sin 3; (1.10) 


for small angles ¢ 
M3” == RWS (0) 15 (0) 2. 


The retarding moment, caused by the interaction of currents from the euf of 
the rotation of the fifth frame and the magnetic flux, can be found from the 
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for enmall angles ¢ 
aa 4 d? 
wit y= AEH [on 830 _ gato 2. (1.11) 
The general equation of motion of the analog for small angles of rotation of 


the mobile system will have the form: 
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Depending on the nature of change in time of magnitudes ),(/), 9(¢), 1, (4) 
and /,,() the analog can reproduce different linear and nonlinsar second order 
equations. 

For an example, let us consider the solution, by an electrodynamic analog, of 
& linear second order differential equation. The circuit diagram of separate 
electrodynamic instruments of the analog fc~ this case is sham in Fig. 6. 

By adjusting the anzlog we establish: 


Dee 2B, - const. i, == D. max sin wf, P,(f) -= (BD), = const, 
Dy OP sconst, (A = (Dy = const, 


ds 
Raz oh HOA eA die L,, =O. fy =, hy = const. 


The second frame serves to record and, therefore does not participate in the 
formation of moments. 


For selected values of fluxes and currents the equation of the aovile systen 
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Fig. & Diagram for the solution of 
linear differential second order 
equation by an electrodynamic analog, 
1—frame for measurement of apeed of 
the mobile system, 2—frame for re~ 
cording results; 3—freme fur creation 
of damping moment; 4--loop fcr creation 
of perturbing forces; 5— frame for re- 
production of moments; 6--go-and-return 
circuit; 7--device, ensuring constancy 
of current. 


With sufficiently great R, and emall ¢ component (Die oe 2? can be dis- | 
regarded as compared to the remaining ones and then the motion of the system will 
be described by a nonuniform linear differential second order equation. Initial | 
comditions for angle are assigned by the initial setting of the angle of rotation | 
of the mobile system, the initial conditions for speed — by supplying a current : 


pulse to one of the windings of a frame, moving in the raiical gap. 
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The considered electrodynamic instrument gives the possibility alex to solve 
nonlinear differential equations. 
Another example of simulation of systems of automatic control on the basis 
of analogies is investigation of banking of a neutral aircraft with the help of a 
d-c electric motor. The equation of isolated motion of banking of an aircraft, as 
is knowm (V. S. Vedrow [1]), has the form 
1, 4 = M, (v. “2. i). (1.13) 


dt 


where # — the angle of banking (Pig. 7), 3, — angle of displacement of ailerons. 
If one were +> o~m-‘der the spewi of 
flight v constant and coneider the de- 


flection of the aircraft from the equili- 





brium regime (the regime in which all 
Fig. 7. Investigation of 


the process of stabilisa- paremeters, characterising motion of air- 
tion of banking cf an air~ 
craft. craft, have steady-state values), then the 


linear differemtial equation of motion of banking will have the form 
jet + (3), SP eon (Sie), (1.14) 


240 oy dt a, 


Where J, — the moment of inertia of the aircraft relative to the longitudinal axis, 
(1), — the moment of high-speed resistance (determines the moment of air fric- 
tion), ea — the coefficient, determining the aerciynamic effectiveness cf the 

ailerons. 

We will use now a d-c electric motor for simulating the isolated motion of 
banking of an aircraft (Fig. 8.). The oquation of motion of a d-c electric motor in 
the abeence of load on the shaft and disregarding losses in iron and reaction of 
the armature will be 

aM, My = flo. UY), 


where J ~ the moment of inertia of the motor. 
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For the case of @ linear mechanical characteristic of the motor, with constant , 
magnetic flix, disregarding inductance of the armature circuit, we will obtain: 


My = c.f, and p -- Ua een 
Ry 
The equation of the mctor here will be 


ce CNR Nia RG MR Nee a 


fia Cee 
SG tg = Bee 


or 


da‘ 1 da tu? ; 
a hai yk oe 


where @ is the flux of excitation, «© -/, a — the angular velocity of rotation 


of the motor, os — the tranemisaion ratio of the reductor, 7, == i, -- the 
time constant of acceleration of the electric motor, = — angle of rotation of 


the potentiometer. 


The converted equation of isolated motion of banking of an aircraft can be 


written in the form 


ay (ety Jods i Co I 
dit oz Mi dy te La ‘¥ 


| (1.15) 
ahidy 

Thus, if one were to select parameters of motor in such a manner that these 
equalities were sustained 


Une ks 


= (Se fet =( J! 
» aN OI, yRet NOI 
then the angle of rotation of the cureor of pote:tiometer P-1 will depict the angle 
of bank. Here the processes of change of angle of bank of the aircraft and the angle 
of rotation of the axis of the potentiometer will proceed in time equally. The gen- 
eral diagrem of simulation is presented in Fig. 8, One of the main advantages of 
thie wethed of simulation consists of the fact that the parameters of the model, for 
example the moment of inertia, can be used as equivalents of corresponding para- 


wetera of the original. Among the deficiencies shoula be mentioned, in the first 
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place comparatively great error of reproduction of initial equations, since friction, 
moment of losses, etc., are not considered; the possibility of reproduction by one 
analog of only an equation of the second order; the difficulties of combination of 
several such analogs; the difficulties of investigation of processes with non- 

sero initial conditions, especially for the first and secand derivative. 





Fig. 8. General diagram of simlation of 
the isolated motion of banking of an air- 
craft. 

KEY: (a) Reducer; (b) Automatic pilot; (c) 
Computing point. 

In simulation of a system with many degrees of freedom to achieve the required 
accuracy it is necessary to pay special attention to accuracy of manufacture of 
equipment, or apply special means to combat the harmful influence of dry and high- 
speed friction, clearances and inertial masses. The last significantly reises the 


cost and complicates the construction, simultaneously lowering reliability work. 


2. Mathematical ti 

Analog computers, built from separate computing elements, are based on car ‘ying- 
out of elementary mathematical cperations such as addition, subtraction, m‘tiplica- 
tion, division, differentiation and integration. From models, made on the basis 
of direct analogy, they differ by absence of a direct physical analogy between the 
quantities, characterising the studied phenomenon, and quantities, obtained as the 
result of carrying-out separate mathematical operations. Such an analogy does not 
exist between parameters of the studied physical system and the parameters of the 
installation. 
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Let us consider a method of solving linear differential equations with constant 
coefficients by an installation, built from separate computing elements, Such an 


installation should have in its composition computing elements, conditionally desig 
nated by the rectangles in Fig. %. For example let us "set up" with the help of 
these computing elements the above-considered equation of motion of aircraft for 
banking. 

The equation can be reduced to the form 


=. A? 


dv va BY ate) 


Here 3, (#). BL and B. are given quantities, and 2(¢; is the sought dependent 
variable, 


As follows from equation (1.16), for locating <1) it is necessary to sub- 


ject the sum —(8, a +B;,) to double integration, The unknown camponent 


a3 


—B, 4 can be is formed by means of multiplication of the quantity, recvived 


after the first integration and the coefficient — B,. This component by feedback 


1 
is fed to the adder (Fig. 9). 
a) wp pe te Application of analog computers in 
automaticc is extraordinarily varied. 
- The basic problems solved by these 
4a Ses 
soa bal a means computer tschnique, can be boiled 
\ 
. b, 4 “ ; down to the following: 
NEE de - 
Ce 
aa 1, Analysis of aynamics cr systems 
rae 
ad tment. 
Pig. 9. Basic c ting of control and adjustmen 
elements and a diagren of Here the given equations of an object 
their connection for salu- 
tian of the equation of and the system of control are solved ina 
motion of an aircreft for 
banking. selected time scale on installations 


(Fig. 10a) for the purposes of explaining the meaning of the main parameters, ensuring 


the required flow of the process. Application of analog computers gives in this 
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Fig. 10. Basic applications 
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v? electronic analog computers in automation. 


case @ sharp reduction of the time requirai to carry out. calculations on the first 
stages of projection, and alec exceptional graphicness of the results cbtained. 

2. Experimental invest) geiicn cf the behavior of a system with control and 
adjustment equipment in laboratory conditions. 

With such experimental investigations equipment of control or adjustment is 
supplemented by an anaiog computer, resroducing in full tims scale for the given 
equations the behavio~ of that part of the aystem cf control or adjustment, whcse 
work for one or another reason cannot be reproduced in laboratory comlitions,* 
Coupling of the analog computer :th the control or adjustment -quipment in vst 
eases is carried out by a special converter# ‘Fis. 225), 

3. Solution of problems of synthesis of cw.trol and aijustment 3ystems. 

Problems of this type came down to select! m by the given speci“ications o27 the 
structure of the changed part of the system, ¢” the required form of functional 
dependences and values of the basic parameters, The fingl result is found usually 
by means of multiple test solutions with sporaisal of them in accordance with the 
accepted criterion of proximity (Fig. l(c). Probleme of this type very often car 
be reduced to locating the extremum of a certain functional (4, A. Fel'dbaum [1)), 
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Fig. LL. Fundamental diagram of solution of 
the inverse problex: on an slectronic model, 
KEY: (a) Automatic atiot. 





Method of simulation with the addition of sactions af ths control loop wee of- 
fered by V. ¥, Solodownikov, author's certificate Ko. 67092 of November 10, 1940, 


“Three-stage plat.orms, electro~hydreulic convertars, atc. 
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4. Solution of problems of determining perturbations or the useful signal, 
acting on the systems. 


During solution of this type of problem by a given system of differential equa- 
tions, describing the dynamic system, by values of initial conditions and the nature 
of change of the output coordinate know from experiment is determined the value of 
the perturbation or the useful signal at the “uiput. In Pig. 10d is brought « func- 
tional diagram of the solution of a very simple problem of this type, based on the 
imposition of additional negative feedback. This method of avplicaticn of analog 
somputers can be used during making of instruments, automatically recording per- 
*urbations and producing a control signal depending upon the nature and quant ty of 
theese nerturbations. The fundamental circuit of solution of the inverse problem for 
the above-coneidered case of stabilisation of banking with a real automatic pilot 
de schom és Fig, lL. 

Besides these problems connected iasically with investigation of a system of 
control and adjustment, analog computers find application also as elements and units 
of complicated svatsms of gutummiion. Here they are used for: 

a) calculation of the value of a cartain combined paramster of adjustment 
(efficiency, power, productivity, atc.) (see ¥. A, Trapesnikov, °. Ya. Kogan (2}). 

b) for working out optimum adjustments in the process of work of a dynaaic sys- 
tem (D. P. Exkman, I, Lefkovich [11); 

ce} for working out correcting eignals bv carrying out advance analvsis of the 
dynamics of the control systom (H, Ziebols, H. M. Paynter [1)); 

ad) fez creation of optimum in high sveed of creratian control systems by ap- 


plication of prognosticators (H, Chestmut, W. Sollecito, P. Troutman [1}). 


3. (ombinbog Methods of Mathemtical Simulation 
The classification of methods and devices of simiation is, in « mow mea- 


sure, conditional, since often i: one device it is posaible to observs the auplication 
aimaltaneously of severul different principles of similaiion. 
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Combining different principles cf mathematical simulation is szpecially ef- 
fective when elmulating «ith real regulators, whose sonsitive elements require for 
bringing into action comparatively creat power. Application in these cases of models, 
made on the basis of analogy, for reproduction of the motion of the cutput coordinazs 
of ths object of adjustment, lets one have an input quantity of the regulator and 
an oucpu. quantity of the model of the object of the same physical nature, which 
gives the possibility of directly Joining the model of the object with the regulato;. 

Ags example let us consider the model of the system of autcmatic adjustment of 
the speed cf a big diesel engine (see I. Ya. Xrichevskiy (1]). This system consists 
cf a motor, with whose shift there is coupled 1 centrifugel speed regulator, acting 
om the caitrol mechanism of the rods of fuel pumps (Fig. 12). The simulating instal- 
lation should give the possibility to adjust and to check new constructions of 


speed regulators in order to reduce to a minimm the time of their finishing on the 


ee a et ; Equations, subject. to simulavion, 
yr 7 can be written in tha forn 
coe | 
Sea ee eee od Ty Ge hm bn =z, (1.17) 
hyp == P(E — TD — O07)? (1.18) 





“ae {Ed. Note. Subscript AB = motor, ] 
Fig. 12. Skeleton diagram of a where T. is the time of acceleration of 
system of automatic adjustment 
of the speed of a diesel engine. the regulated motor, ai:) — the coeffi- 
i—engine; 2-——centrifugal regn- 
lator; 3—control mechanism of cient of self-levelling, * —- the relative 


rods of fuel pumps; 4—fuel pupa 
change of the regulated parameter, " ~- 


the relative : hange of position of the regulating element, << — total delay in 
transmission of the regulating influence to the object, i -—- excess moment. 
So that the physical nature of the output coordinate of the ¢ moau) coinrides 


with the physical nature of the input coordinate of the regulator, it is expedient 


to plase the reproduction of equatiew (1.17) on the model, made om the basis of 
analogies, and reproduce equation (1.18) ty se,-arste computing slements. 

In Pig. 13 is brought the furcdamental circuit of one of the possible variantea 
of such an installation. The ¢—< motor here plays the rele of the dynanic medel of 
the object. Indaed, the equation of moties af the motor armature can be written 
in this forw 


JS a Mi, — My = OM, (1.19) 


«here J is the moment of inertia of the mocor, w ~— is tha angular velocity, M,, 
the moment, developed by the motor, M, — the mopent of load, AM -— the excess 
moment on the armature, 

Thus, by form equation (1.19) coincides with the equation of the object (1.17). 

For reproducticn of equation (1.18) there are used aeparate computing elenents. 
With this aim the coordinate of the regulating wit » is corverted witii the help 
of a potentionster into voltage U, . This woltage ie passed through the block of 
delay and ie summed at the input of an amplifier with a large amplifica.ion factor 
Ky with casponents, reproducing the term il’). sharecterising self-levelling, 
load U, and excess moment U,,. 

For a very great amplification factor of the amplifier Ky voltage 
U,, Will be minute. Disregarding it as compared with its separate com- 


ponents, we will receive: 
U,G—d+ f(U 4 Un-- Uy = 0. (2.20) 
Separate components in equation (1.20) can ve found from expressions 


Us =- 01,8. (U)= f (kw). 


As is known, excess moment on the armature of a motor is vroportional to the 


change of current of armature 


AM = 0c 9/,, 
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where c is constant, © is the flux of the motor, /, — tne increment of armature 


current. 


—S ee ae, 






Fig. 13. Fundamental circuit of simul. tion of the sys- 
tem of automatic adjustment of a speed of diesel engine. 
i—d-<c motor, Ti'— tachogenerator; BI— vooster 
generator; UP -— centrifugel regulator, 53 — de- 
lay bleck; $f] — functional converter; Pel, P-2 — 
reducer; Y = amplifier, 2 -~ load assigner, M — fiy- 
wheel, 
KEY: (a) Net. 


Therefore 


OR 


Uy cas BS SM. (1.21) 


We will introduce equations of scale conversions, connecting initial variab).es 


of the problems with variabies of the model: 


AM =smy. Ms, 
wo = m, ‘> 
U, m, p 


and, substituting them in (1.19) and (1.29), we receive equations of the model, re- 


duced to the initial varieble: 


sit. Hou (1.22) 
and 
Qemat re Seer spe Mtn, (1.23) 
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Comparison of expresaions (1.17) and (1.18) with equetions (1.22) and (1,23) 
obtained for the model gives the fallowing relationships between parameters, en- 
suring identity of the indicated equations: 


m, 6 


= ako 


ale = ee / (hym,F). 

Metheds of simulation, especially when eimlating with real elements of the 
closed control loop, can also be considered a special variety of experimental sethods 
of investigation of systems of automatic control, 

Simlation should net be compared to anelytic investigation. Simulation is 
impossible without anslytic investigation, since it anticipates certainly kmowledgs 
of the system of differential equations, describing the behavior of tho simlated 


control loop, and requires generalisation of a large number of particular solutions. 
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CHAPTER II 


LINEAR COMPUTING ELEMENTS 


l. Elements, Necossary for Solving 
rine WrTerential Equations ———S— 


As is know, the theory of automatic control is most fully developed for linear 
systems. However for determination of the neture of transients in a linear systen 
and explanation of the influence of senarate parameters on stability and quality of 
processes it is necessary to execute labor-conswsing numerical calculations or 
graphic constructions. With increase of the order of the equations, describing the 
control system, the labor-consumption of the above-indicated calculations continually 
increases, Therefore it is expedient after deriving initial differential equations, 
describing the behavior of the system, to apply for their solution simulating de- 
vices, The latter in this case will be called as mathematical computers. 

Differential equations of motion of systems of automatic control can be set 
up on analog computers in varying form: 


1. In the form of one equation, written for the investigated coordinate, usually 
the controlled variable: 


a*x ate | (2.1) 


et an pa ne ce se 


dx a 
gp Tn gye  E  N ER Gy Tee 
= by im + 6, wet, oT bat a bny. yt Fay. 


where &p, 8) peers &5 bp,b),---, b, are coefficients, x — the controlled variable 


cen nine tnd PT LA AME RRA 
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F(t) — the external disturbance, 


2. In the form of a system of first order differential equations of thie type: 


p, it 
ba ty GX, 7 Fy(ty 4, 
‘ & 


(2,2) 


where b,, a, are coefficients, Xa Xqpeves Xyvooey XH — ccordinates ot the systen, 


F, (t) -— disturbances acting on the system, 


3. In the form of a system, broken dom into the equation of the controlled a 


meanher 


tet! + 0,4 7a oe + 8,7 ha =, 52 <F +05 oF a Shy: 


y= Fit) 


and the equation of the regulator. 
With a static regulator the equation of the regulatur will ve 


: a‘! du, 
et +e rt ee bE BS 
ae’ a at ; 
d e? . ; a 
= 669+ Bat ka et see 18a 


with an astatic regulator — 


do ; 7 
Po. fete 7 = Bit 6, Re, Wart) 18 8 a Bia: 


e 
mt ' aig 


<* 


where 9 is the controlled variable, # — the controlling variable, F(t/ 
turbance acting on the controlled member, Bor Byrcees yi bo» Dy peoes ba 


(2.3) 


w= dig- 


&o Cyreere 


# # 
e . a — ¥. - 
Ci Blocoes gi Ey rcces g, coefficients, where g, he static amplification fac 


tor of the regulator, 


4. In the form of squations of dynamic units. If, for example, there are solved 


equations of a one-circult eystem of automatic control, containing one oesillatory, 


two inertial and one integrating unite (Fig. 14), then equations of motion can be 


2. pep gegen 


ve 


written in the form 


T, a 4 Hp HRN. (2.4) 


dx, 
Fear: 
d'x, 

ae 


ad x, ~ RN), 


ax, 


. TG Ge 1 = bs 


ax 
--.. ask g 
dt my 


x, = yily _ x5. 


RE ag SIIB 


where X)5 Xp, X34, X,, X5 are coordinates of the system, y(t) —— the external mani- 
pulated variable, T,, Ts, 13, T,, — time constants of separate units, k), ko, k35 ky, 
~ amplification factors of seperate units. 

5. In the form of the initial system of differential equations of the investi- 
gated physical object. As an example we will bring the linearized equations of che 
aystem of stabilisation of course of an aircraft (V. S. Vedrov (1)):* 


equation of “he object 


ae ‘ Sane Oe 2.5) 
“a Ap + Aji + ae (2.5 
ft, dy : * 3 fn AL 
he tt A, vy T A,3 +t As) = ly : | 

0 =7-3. 


equation of the automatic pilot 
n, 33 a) d™, 2.6 
Tr, a = ni t tai(y+ Pig Ut a) se 
where Y is the angle of the aircraft heading, 1 — angie of side slip, + — rudder 
deflection angle, A), Ao, 35 A, As» Ag =~ constants of the aircraft, Tp» n, i, Ty, 
tT, — constants of autamtic pilot, M, F, -- disturbing moment and disturbing 
force, aes emer of inertia of the aircraft. 


Whatever the form of notation of the differential equations of motion of the 





*#It is assumed that the movement of the course is isolated, i.e., there is not 
considered the influence of the mction of banking ai the course movement of the 
aircraft. 
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system, their reproduction with the help of computing elements can oe in principle 
carried out either by increasing the order cf the derivative, or by lowering the 
order of the derivative, 





Fig. 14. Skeleton diagram of a one- 
circuit system of automatic control. 


In the first case the diagram of sct-up of computing slements ics constructed 
on the principle of successive differentiation with summation (teting into account 
sign) at the input of the first unit of qventities softer each differentiation, In 
Fig. 15 is brought as an example ths functional diagres of the set-up of the linear 
eecomi order differential equation 


2 d \ 
a, Sr + a, + Ox = yitty (2.7) 


During set-up by the method of increagsizg the order of the derivative equation 
(2.7) ie solved for coordinate x: 


og Me a ae 
ce Gt aa tae (248) 


Let us assume that to the integrating unit there are paseed all addends of the right 
side of equation (2.8); then at the output of the unit we will obtain quantity x. 
Subjecting this quantity to double differentiation and miltiplying the result of 
each differertiation with the help of multiplication wiite by the corresponding 
constants ( - = and — oP we will recieve the necessary compenents for the 


first ingetrating unit. In thie asthod of setting-up a problem the basis of the 
device is composed of difforartiating decisicn clements.* During set-up of the 





#It is necessary to turn attention to umprectioality of auch method of setting-— 
up of the problem, sincs during series differentiation interferences, always ex- 
dieting in the input signal, oan increase impermissibly. 


problem by lowsring the order of the derivative the installation is constructed 

om the principle of successive integration with summation of quantities after each 
integration at the input of the integrating unit. An example of set-up of a linear 
second order differential equation by lowering the order of the derivative is shown 
in Fig. 16. For composition of the functional diagram the equation given for solu- 
tion is solved for the higher derivative, where all components of the right side, 
besides independent variables, are introduced to the integrating unit by feedbacks. 





Fig. 15. Munctional diagram of set-up 
of a linear differer.tial equation of 
the second order by increasing the or- 
der of the derivative. 


3 
Hg 





Fig. 16. Functional diagram of set-up 
of a linear differential equation of 
the second order by lowering the order 
of the derivative. 
As can be seen from Fig. 16, the basis of the installation in this method of 
set-up of a problem is composed of integrating decision elements, 
The cansidered examples show that for solution of linear differential equations 
it is necessary to have the following computing elements; adding devices, inte- 


greting devices and devices for mitiplication and division by a constant (including 
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by @ quantity less than sero), ‘The emunerated computing elements are called linear, 
sinae the comnection between quantity at their output and input is lines . 

Linear computing elements are constructed on the most varied princip'vs. By 
their structure they oan be divided into: 

a) computing elements of epen type; 

b) computing elements with parametric compensation; 

c) computing elements of closed type (with negative feedback). 


2, Linear Computing Elemente of Open Type 

As an example of a computing element of open type let us consider the friction 
wheel integrator (Fig. 17). 

the frictional wheel integretor consists of a revolving disk 0, connected by 
friction with wheel 1. The disk can move relative to the wheel owing to movement 
of carriage 2 along guides, If one were to designate the radius of the wheel by r, 
disc ‘fcc: ha! Golanl tee 4h @GUALING Gk Tika ep oad Ge Cha Ae eal Wea ae ‘estat 


a,we will receive: 


axe, == Te, (2.9) 
or 
dz dy 
RE ay: 
whence 
ef... (2.10) 
yt f cae. 


With a constant angular velocity =, = 3; = const we obtain: 


yu te f xd. (2.11) 
e 


Thus, the considered mechanioal integrator oan execute integretion aot only for 
independent variable t, but also for any variable, for exampl2 s in equatien (2.10). 
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a 


Fig. 17. Friction wheel inte- 
grator. 


Kip | 


Fig. 18. Electric circuit of 
summation of three voltages, 





of conatruction and the amount of load 





i =e 


fy = le, - 


‘, oa, 


In this lies the grea. merit of the consiuered integrating device. However accurecy 
of work of such a mechanical computing element in many respecte depends on accuracy 


on the output shaft. 


Usually io decrease load on the out- 
put shaft we use additional amplificrs 
of momente (I, S. Bruk [1]) or electro- 
mechanical servo systems (V. A. Bush ami 
C. H. Coldwell [1]). Main deficiencios 
of mechanical computing devices are their 
comparatively low apeed of work, comber- 
someneas, large labor-consumption of manu- 
facture (thus, for example, grinding of 
guide prisms, by which the carriage is 
transferred should be carried out with 
accuracy up to 1 micron) and consequently, 


high cost. in spite of these deficiencies, 


mechanical computing duvices stili have not lost their value, 
As another example of a computing element of open type let us consider an 
e1ecitric clius'* '-igned for summation of three voltages (Fig. 18). Values of 


currerits flowing in the circuit a..e determined from the relationships: 


YY 
dy =e, -- 


fount Y,, © ey 
four) Vy. 


four) Vy. 


where Y, Yip Tho» 13 are correspond. ng values of conductance. 


=Y2- 


er 


e 


eet 


yoo (2.13) 
Wye ys 
1 


From the forma it follows that the result of summation will depend on the 


quantity of laad and change of the aumber of caspoents, 


With a finite Ri correct 


summation will be guaranteed only if the number of components and the quantity of 


load are constant. whem K, —*0, amd Y, -+ 


the dependence of the resuit of sum 


mation on change of the number of componente ani the quantity of load decreases, 


However, here it is impermissibly to sharply decreases the abeolute value of the 


sm (output quantity). 


Pe ey 


a) fon «tee 


Poesia 


Fig. 19. Passive 
electric circuits 
for construction: 
a) of integrating 
and b) differentia- 
ting devices. 


Passive electric circuite may also be 
used for construction of differentiating 
and ir: -g-at tevicce (6... Shri -s= 
{1)). 


are selected ohmic resistances and ca- 


Here ae elements of thesas circuits 


pacitors (Pig. 19). Possibility of 
realisation of cperations of aifferentia- 
tion and integration is based om the pro- 
perty of a capacitor tc accumlate a charge 
q during application to ite plates of a 


*Self-inductors practically do not find application as clemente of such a 
cireult, since creation of inductance w.th minute ohmic resistance presents a 
problem significantly more difficult than creation of capacitance with minute 


leak. 
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difference of potent‘ais 6, 


Indeed, 


The current through the capacitor hare, 


can serve as @ measure of the derivative of the differencs of potentials anplied to 
its plates, On the other hand, the difference 7.1. potentials om capacitor plates, 
ca 1ected in an electric circuit, is a measure of the integral in time of the cur- 
rent flowing through the capacitor. These properties of a capacitor in practice can- 
not be realized in pure form. During construction of an integrator on the basis 

of & capacitor accurate integration of the input signal can be raceived only in 


an idealised circuit (Fig. 20), when the capacitor ie fed from an jdeal source of 


current .# 
BN ok Approximation to conditions of ob- 
Tae Ta DD . 
bi eee ah taining accurate differentiation can be 
obtained in tne circuit of Fig. <Ob with 
~ ——— ff - — 1 | 
2yF ges Of series coupling oi une capacitor with con- 
* iy¢ : Ou eat ‘ 
i bf Ste oe —H troi coil of the magnetic amplifier, 
Pige <O. Gi wile principie of ot- possessing a very low impedance. 
taining accurate 1) integration 
and 2) differentiation. MY — It is natural that during use cf a 
magnetic amplifier, $5 -— phased 
rectifier. passive electric circuit with A and © tha 


KEY: (a) current source, 
result of the executed operation of inte- 


grat.on or differentiation will be obtained with distortion, Wa will estimate the 


magnitude of these distortions and their dependence on parameters of the circuit, 





*Ideal source of current is such a source of electric energy, which creates 
in cirewits a given current independently of the resistance or the load, 


~hu~ 


a ne RR ce oe Arman + 











For this let us consider a more general 
fe z ar case, where the circuit consists of two 


impedances Z) and zy. and load is impe- 
Fig. 21. On appraisal of 


the magnitude of dis- dance Zy (Fig. 21). We will find the re- 
tortions during differen- 
tiation and integration. lationship between output and input volt- 


ages for the considered circuit. This relationship in operator form gives the 


transfer function of the circuit: 


feng wm LLP) Yip) t 
Cos Ys(7) Yi (p+ Y.(p) a5 (2.15) 


a(p) 
i 1 ad 
where Y,(p) Hel and ¥, (Pp) Be) are operator conductances of circuit, 
Yy(p) “=57 — operator conductance of load. If conductance of circuit and 
load are selected so that in the operational range of frequencies of input signals 


it in possible to disregard the quantity 
| Tiky eth} 
sVUe 


as compared with unity, then expression (2.15) can be presented in the form 


(2.16) 
¥¢ 


Cour = 20) Con: 


Let us consider a particular case, where the circuit consists of series coupling 


of resistance Ry and capacitance C, » shunted by load resistor R,. In this case 


1 
Y5(p) = Cyp, Yaz Y, (9) = 3° 


5 ei 


eh Ra! 


TNS CE IR ai a ctl Sere ot SP Rial _ illenk a eben AE Bane 


On the basis of expression (2.16) we obtain Coe RIG foe if in the Sues 


ing range of frequencies of input oes 
ate x+| <i. (2.17) 








*Here and henceforth are taken the designations: 'p=r+f- is a complex 
variable ¢a:.¢. representations of quantities ¢ous (th Ge (tp 


tAs is known, to obtain a frequency response for the transfer function of a 
system one mist replace in the lattes p> = Su. 








| 
| 
| 
ar 


Arg ing vo origingis, wa ootain: 


“hus, the conaidered passive aiectria cireult sxecutes operation of intagration, Te 
satiafy condition (<,.17) it {8 necesaary to select the time comstant of the circuit 
(To = Ryo) and of the Load (T_ = Roy) a3 .arye ag possitle. 

Let. us consider another particular case, where the circuit consists of capa- 
citor with capacitance © and resistance e.? shunted by leac k... In this case, if 


in the operating range of frequencies cf input signais 


oe (2.19) 
t 
i R, 
then 
a ae RL pee. 
Changing to originals, we obtsin: 
. Gb es 2.2 
Foun = i df ( 20) 


Expression (2,20) shows that the conaidered circuit executes the operation of dif- 
ferentiation. Te vvesres condivion (2.19) it is necessary to select the time con- 
stant of the circuit Ty = Ro and relationship : as amall as possible, 

From analyais of conditions (2.27) -(2.19) it follows thet accuracy of fulfillment 
by a passive electric circuit of a given mathematics] operation will be higher the 
less the voltage taken from the output of this circuit. We will estimate error, 
introduced by a computing element, made in the form of a passive electric cireut. 

Error of such a computing element let us arbitrarily choose to cali the dif- 
ference between instantaneous valnes of the output quantity in real conditions and 


during ideal fulfillment of the given mathema.ical operation for the same value of 


=4b- 








tne laput quantity: 


MM eee Set og F awe = ~ 
: Leb 
wi the basis of preceding tha ideal waiua of tne outyut quaatity will ts 
r (Ff 
Pett . Ys5ie5 at 
and real value of the outmrt quantity ~— 
yee) 
e se Y.¢p) t - ( f 
owe KP) ph dep) - 
Gee es +} 
Yyip} 
If in the operating range of frequencies of input signals 
[Fated Voted co 
{ yytye) - ; 
then {t is possible appraximately to write: 
See ' ip at AP ee 
, IM Oa me) 
Vit) 
Therefore with accuracy up to sign 
. (2,23) 
Fidpy = bade be det 
Jou y,(7) ben 


Formas (2.23) is @ general expression for representation of absolute error 
of a computing slement. 

As an exemple let us consider error, introduced by sucn computing élenent 
during work in conditions of an integrator, 


Tn thie cass 


4 J 
Yu po VCP) = p Yi(gi=-, > — Cw 
cis 
pt. Ua oe, 3 at , 
Som ela topless Cae oe 








“hus, abaolute erro, during # atep crange oo the input s.gnal growl with incrasat 
of the time of integration and with decrease of the i426 constant of tre circuit and 
.oad resiator. 

Usually aa the criterion of accuracy is used the quantity of relative error, the 
relation cf absclute 3arror to maximum or the current ideal value of the output 


quantity, In the first caee for saximao error ve obtain: 


te : ai dpa i ; ' e Cas cmey 
ben men Nhe k ovate Rk, a Roy © Cg mat 
pil” 
Conetdering that Cas mo po arm O WiLL receive: 
ew: Pai KY ' 
7 ee 
Rik, * 


In the seceumd crise, considering that «0.00 2, Mu we obtain: 


‘ i (3.7, ) 
al ose ¢ t LK y Ode 
wit - 2 . i 
{7 Bak * . 
frm Ss oF : L f° 


Thue, relative error grows in time linaarly and wiil oe isss than the greater ths 
time constant ef tha circuit Ric . Presence of load R, decreases the times constant. 
13 
af the cireuit and therefors increases the errer of fulfillment of the operation 


of integration, fence it, directly follows that union of such computing sismente 


together and with other equipment isads to bulld-up cf e-ror of sach elament. <o 


, 


that error eps does wot exceed a given value Tor selactad values of ths tims 
constant and load, it 4s necessary to Limit the totel cperating (ime of this integret- 
ing devices. 

Thus, Tor example, when) ¢.r,.. 0 1% ee +10 sec, and R= a - on 


Afeer © 0,2 pec, #ith e einuecidal variable input voltage the error in # given 


matheaatical operation is comrentently expresses in the form of the error of 
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“eprefoction of agroitude and the errer oof eerpmoduction af cfm of the omy owolt 


See. 4spreseione for th su ve. ¢ & SP ur MA Re elly be coladnmt after reruecing 


Poor tw in exvreasion (2.22), Performing thie ro>.acermat, we find: 


¢, eas : oored ch ' ~ te eew, So aS 
eas oe é 5 r Y 


Prom these expressions it follows 


PEI os Sica 5 a 4 
rT v ba a T tna. amplitude amd phase errer with a 
fa by | fans 
Coe Greer eens Saat te | ginusoidal variable input signal decrease 


with incresee of the frequency of the sig- 
Fig. 22, ‘se of an elec- : . —s 


ronic amalif “ 
‘ area ifter in combi mel and with increase of the time corstant 
nation with & passive elac- 
7 4 
tric circuit. of the circuit Ty “RC. Increase of time 
13 


constant ")? as follows from expression (2.18), leads to decresse of the magnitude 
ef the output signal, This contradiction 1s possible to avoid, if in e-ries with 
the considered vassive network one were to connect an slectronic amplifier (SG. 1, 
Shnirwan [1}) (Fig. 22), The connection between output and input quantities now will 


te 


awe > dup) fF CPD 4 


If we were to select the relationship of parameters so that in the opereiimg mange 


of fpequencise Wey then we will recaive Sinally: 
> 34 
, yoipy (2,¢ 
vee "oyy¢ey Om 


With the help of amplifier here we succeed, with safficientiy Low value of ioe 
determined dy reyuiremerts af accuracy, in obtaining the necessary quantity of out- 
Put vuitage anc simgultaneous.y in unloading the passive network. 

The considered principle of constrwotion ef a ccasputing eleacnt of open type, 
baeed on combination of a paraastrie system with an ampiifier, aleo has a number of 


deficiencice: 
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1. Special selection of parameters of the computing element is necessary, with 


} ' : 
which in the operating range of frequenciss this condition is met : . o 


Y.dy i 

<. The amplirier should posseas a sufficiently high amplification factor (of 
the order of 200 or greater), where for removal of error due to variation of the 
parameters of the amplifier the amplification factor of the latter should be stanie- 
Lizea with a high degree of accuracy. 

3. There is possible appearance of "drift" of zero of the amplifier due to 
the charge of the capacitor of the passive network at the input by the grid current 
of che first cascade during operation of the device as an integrator or different ia- 
tor. 


4. Parmissible time of work as an integrator is comparatively smail cue to 


the difficulty of obtaining & large time constant for the passive network, 


3. Linear Computing Elements with Parametric Compensation 


Connection of passive electric circuits with electronic amplifiers opens also 
a number of new possidilities of improving computing elements. One of these pos~- 
sibilities 1s compensation of error, introduced by the passive sisctric cireuit, with 
the help of positise feedback in the amplifier. The idea of this principle of con- 
struction of a computing element follows from analysis of the equation for the pas- 
“iva electric circuit, Indeed, the connaction between the output and input quai ities 
of the circuit (without considering the load) can be presented in the form 


(2.26) 
Y(p) . r CP) 


faucy (py Me Ch ptpi* 


From comparison of equation (2.26) with equation (2,16) it follows that the 


Yi (p) 


term em yt) 


determines error of the circuit. If we covid munage to add to 
the input voltage a component, proportional to the output voltage, then, obviously, 


the problem would be solved, Indeed, let the new value of input voltage be 


* 
Cor Cor * ge. 


Then, substituting ous in place of e¢,, in expression {2.25}, we wili receive: 


= Yip) bap) 
ms) ST i} iv Meta ponies 
me Lap om eae Ps 


rn Yiiy 
if one were to select 2 , cleas to l, then we will receive: Come Tipp Fee 


With an agplifier sogmectead with the 


Die Ge? Semele 4 paseive elactric circuit, this idea oan 
fee eosily bo realisad, if with the help of 
j = "Ul Ca Woes 
Bn Ee positive feedbar: (71g. 23) we sarry oot 
Pig. 23, The principle of addition to ths input sigmal of e component, 
construction of « computing 
element with parametric com proportional to the output signed. Indeed, 


pensation of errors. 
for the disgren of Fig. 23 we octein on 


the baaie of ‘2,:3): 


* Vip) 


¢ HE ye SO ou Y,(#) 2 (2,27) 
ee RP Vp) se Nae 


+ HG ehaey Tete Oe 


The ogwat‘ton af wzplifier is: 


tous © K owe: (2.28) 


HEN 


- yi dpy (2,29) 


Fou = HPT HL) Ky Maley Ne 
if one were to select Parametere of system 1, and Kin wach @ way thet in the 
operating range ef frequencies [Y (jo) + Y,1/oi- ALY, (iol << [¥aUewi. thet de da poa- 
sible with sufficient acsuracy to write the equation of this computing element in 
the form 

_ ~k Yi CP) = 2. 
Fear = kK, Yar) Cos. ( 30) 
Thus, the considered computing element executes the sane conversion as the pra- 
ceding cone, but without the limitations placed om the parameters of the ounvert«t. 
In order to reduce to sero the left part of the above-mentioned inequality, it 
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an BERET MIRREN re ee 


ie necessary to select an amplificetion factor of the amplifier equai to 

bas ch (2,31) 
ray) 

In particular when Y, (p) FS Y,(p), K, = 2, 

This principle of construction of & computing element is cffered by L. I. 
Gutenmakher [1]. It is placed in somewhat. modified form at the basis of the con~ 
etruction electrointegrators of type ELI-12Z and £LI-14 (L. I. Gutemmakher, N. V. 
Korol'kov, I, A. Viasonov, L. S, Klabukov, G. K. Kus'minok [1ij), 

In these slectrointegratorsa thanks to application of multip’e automatic itera- 
tian of the solution computing elaments turned out to be possible to construct from 
a-c amplifiers. The fundamental circuit ef such a computing element is shown in 
Fig. 24. Along with total external positive feedback, here there is provided also 


negative feedback in the amplifier to stabilize the amplification factor, 





Fig. 24. Diagram of an elecvronic ampli- 
fier with raranetric compensatio. of error 
(ELI). 
KEY: (a) k 
Compared with the case of application of a paosive aetwork with an amplifier 


this method of construction of computing element.c has the  dvantage that it does not 
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require an amplifier with ea iarge amplification factor and special sslection of pare- 
moatere of the network, An essential deficiency of the considered ssthod of con- 
struction of a computing clement is ths dependence of ite tranafer function on the 
amplification factor which leads to the necessity of stabilisation of the amplifi- 
cation factor and to selection for operation of a limited band of frequencies, in 
whieh the parameters of the amplifier do not occasion a noticeable influence, 
Furthermore, the condition of complete compensation practically is unsccepteble, 
since it can leed to unstable operation of the computing element even with siight 
variation of parameters. Indeed, let t..» computing elemsnt work és an integrator 
when Y)(p) = % Y,(p) “% » and Ry Ro, Yy = Cp. Then on the basia of ex- 
pression (2.29) we will have 

! = (2.32) 


= Ces: 


SW fa ae 
x, Reet (x a ') 


Causa 


To satisfy conditions eof compensation one mst choose an amplification factor 
of the amplifier equal to Ky =2, If after setting this value for the amplification 
factor values of resistances Ry and R, slightly change, the condition of compensation 
will be violated. Let us assume that Ry = 1.05 Roe In this case 
= oss (2.33) 
@rn = 2 Rp Om | 
The presence of a negative aign in the dencainator of expression (2.33) testi- 
fies to the unstable regime of the computing element. With a cons*ant retio ze 
change of the amplification factor can lead to these results. In connection with 
thie for obtaining stable operation it is necessary te depart from conditions of 
complete compensation (in the considered case take , < 2) and thereby knowingly 
allew qualitative and quantitative distortion of the results of the mthematical 
eperetion, executed by the computing element. 
This method of construstion af computing elements can be compared with the 
method known in electric machinee of parametric compensation (compounding), which 
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onsures the required machine regime only with ite strictly constant parameters. 
The principle of parametric compensation can be used also during construction 

of slectromechanical integrating devices. As is know, for construction of such 

computing elements there can be used following relationships for rotation: 


4 i (2,34) 


Jiu ta ape: Se 


where J is the moment of inertia, w — the angular velocity, 4 — the total moment, 
€ —~ the angle of rotation, 

If one were to use the first relationship, then the angular velocity can serve 
as @ measure of the integral from total moment M, which is the input quantity. With 
use of the second relationship the angle of rotation © will serve as a measure of 
the integral in time cf the angular velocity. 

When the input quantity is an electric voltage, it is necessary to supplement 
the device by a converting link, carrying out the conversions M = kU and w = kW. 

Technicallr it is quite simple to carry out the conversion 4 = kU with the help 
of an ordinary d-c or a-c motor, The conversion w = k)U is usually carried out with 
the help of a servo system. Influence of the parameters of the servo system distorts 
this conversion and lowers accuracy of the executed mathematical operation, In 


A, 


this case w= lies U, where D(p) is a ploynomial, whose coefficients are deter- 


mined by the parameters of the servo systen. 
For these reasons they prefer to build electrome..anical integrators (A. F. 


Kharybin [1]) on the basis of the relationships J = Mand M = KU. 


dow 
di 

Let us consider as an example the fundamentai circuit of construction of an 
integrator on the basis of a d-c motor (Fig. 25). Voltage of the input signal moves 
through amplifier to clamps of the armature of a d-c motor with independent excita- 
tion. The equation of action of the motor without considering the moment of re- 
sistance on the shaft and the moment of armature losses will be 


i Al > , 
@ ‘ a ‘chs ¢ t 


J at ' ™, ae R, - 


where J is the total moment of inertia, brought to the shaft of the moter; Ml, == ¢%/, 
-- the starting moment of the moter, U.— armature voltage of the moter, *,— arm- 


ture resistance of the motor. 





= Fig. 25. Diagram of an electromecnanical 
integretor with parametric compensation 
of srror, 
KRY: (a) Motor: (b) Tachogenerator. 


If the tachogenerator is disconnected, then + = . and then 


dw Ma cd .. (2.35) 
Jt eae Se K yea: 


Equation (2.35) indicates that acceleration, developed by the motor, depends 
not only em the input signal, but also on the speed of rotation of the motor shaft. 
If to the input signal one adde a component, proportional *. the output signal 
(in the given case, angular velocity » ), then, as in the preceding case, it is 
possible to compensate error, introduced by the anti-electromotive force, Indeed, 
1f voltage of the tachomachine is added to the input voltage, then 


eo=et 2k. (2,36) 


By joint solution of equation (2.36) and the equation of motion of the motor 
(2.35) we will receive: 


de My cd ta 4 
I= tila may K,2t,) “= 2, kyle. 


If select paren ere ot the eyetes ae a so that the expression in parea- 
theses turns into sero, then the considered electromechanioal device will ideally 
execute the operation of integration: 


du 4 
Loar = Rk K Ces. 


obec 


eae ORE 


whence 


w . RJ cH ¢,, df. (2.37) 


The required value of y here can be found from the expression 


ich (2.38) 


h, ak 

It is obvious that by considerations 
of stability one must not a&pproacn condi- 
tions of complete ccompensatior: too closely. 


and therefore the valve of hy should be 


taken somewhat smaller than that which was 





1 
| 


pu ee 


found from expression (2.38). 
A more accurate slectromechanical 


integrator can be created on the basis of 
Fig. 26. Use of an asyn- 


chronous two-phase motor the considered principle with the ielp of 
for construction of an 

electromechanical inte- an asynchronous two-phase motor (Fig. 26), 
gretor. 


In this case the moment of resistance on 
the shaft can be made insignificantly small, since brushes are absent, however the 
amplifier is complicated ‘ere due to the nonlinear dependence of the emf of the 
rotation on current in the windings. 

The equation of motion of the motor can be written in the form 


five ie x FO. (2,29) 
Pai - } a ‘1 ce /, ds fs 


where J is the total moment of inertia brought to the motor shaft; © — the angle 
of rotation of the motor; f — coefficient of viecous friction against air; 4 -- 
electromagnetic torque on tre rotor, L, = —~ currents in coila of the motor 
stator. 

The moment of resistance and moment of losses we will disregard. As is know 


from the theory of two-phase asynchronous motors (J. M. Sadovskiy [1]), the expression — 
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for electromagnetic torque oan with eccure., oafficimt for practice be written in 


the form 


alae), (2.40) 
This exprcoccion is correct, if we disregard electromgnetic trensients in coils 

of the wtor, attenuating sigrificantly faster than electromechanical transients, 
caused by inertia of the motor rotor. 

In expression (2.40) there is designated: k —- constant for the given fre- 
quency cf tne network, which is a function of the impedances of the windings, ». — 
the synchronous speed of the motor. 

Qn the basis of (2.39) and (2.40), if quantity f is negligible, we find: 

OF F(R RNG) — todd, oa 

From expression (2,41) it followe that acceleration of the moto. depends not 
only on current [, in the control coil, but aleo on the rpm of the motor, If one 
were to use method, mentiened above in the example of a d-c motor, then, odvioualy, 
for compensation of error © ef such a computing element one mist also introduce 
positive feedback, tat this feedback should be nonlinear and ite coefficient 
should depend on the square of the control current 1,. Technically this is possible 
with the help of application of an a-c tachemachine and a special nonlinear eleo- 
tronic amplifier (R. L. Coagriff [1]). For the diagram of Fig. 26 tt 1s possibile to 


write additionally the following relationships: 


tk 


fai k, Uy + Ide tye Wyk jes 


Ky = (+ 4): 


i, ~My. 


where c, & are proportionality factors, Hence 


i, et Koka, 4 Ar + Nye, - (2.42) 
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After substituting expression (2,42) in (2.41), we will receive: 


fier ‘ ; ! dos 
~ PU fi hes fo Hsceed 
an ; : 4 ul ’ f Cras i Poise fk 


If one ware to select amplification factor Ky on the condition that KS ae og 
1 ei eae 


then the equation of the computing element can be given in the form 


a” 


Dis = ku JK, hie, 
or 
au be dK, A, (2.43) 
Seat “HOW Acs 
di - — i fect 


Aes in the preceding example, to guarantee stability of the system it is neces- 


sary to depart somewhat from conditions of ideal compensatio- 


4, Computing Elements of Closed Type (witr Negative Feedback). 

Lately in construciion of computing elements more ard more there are used 
principles, placed at the basis of closed systems of automatic control. Under 
certain conditions it turns out that accuracy of operation of such elements does 
not depend on variation of the parameters of the main channel, converting the sig- 
nal, but 1s determined only by the magnitude and stability of parameters of the 


feedback circuit and the input circuit. 


a Let us consider the diagram of a very 

aa a >| 
= oy T simple linear system of automatic control, 
Ll consisting of three units (Fig, 27). Let 

EES 


the equations of these units have the form: . 
Pig. 27. Skeleton diagram 
of a very simple systen of 


x, Poips a 
automatic control. 


‘ Rippin. 


oc futpry 


owen t + 


where F)(p) is the transfer funetion of the inmrt unit, F.(p) — the transfer func- 


fp te amen, 


tion of the feedback, unit Ky (p) — the transfer function of the amplifier. 


fe re IDE 


<A 4 ht 
¢ 

Wn 
Dn 
s 


From these equations it follows: 
ALCP) FLAP) (2.44) 
Yor. kytprtitn* 
If one were to select. so a large walue of the amplification factor of the third 
unit that for values or w , at which the system works this inequality ia satisfied, 


[K, (je) Fy (jour, Se 0 (2,45) 


then the expression, connecting the output quantity y with the input x can be, with 
accurecy sufficient for practice, presented in the fora 
- Fm - (2.46) 
TAP) 

Thus, with s wufficiently great amplification factor of the main unit of the 
system of automatic control the conmection between output and input quantities is 
determined only by paramsters of the feedback circuit and the input circuit, 

Depending upon the form of tranafer fimction F)(p) and Fo(p) the system of 
automatic control can execute various mathematical conversions of the input quantity. 
In general it is possible to consider that a system of automatic control, having 
@ very great amplification factor in the open state, allows one to solve different.ai 


equatian of the fora 


Fiipiy. Fyipyx (2.47) 


Lev us consider several examples of construction of computing elements on the 
basie of systems of automatic control: 

a) Electromechanical integrator. The fundamental circuit of the integreto: is 
shown in Pig. 28. The input signal is added to the signal from the tachomachine with 
the help of an electric circuit, consisting of resistances 2, Voltage °. at point 

= ie e signal of wtamatch or error of the servo system. The amplified voltage of 
miemtch is applied to the armature o: a d-c m ‘or and determines the change of 


speed of rotation of the armature in such direction and mough to decrease the 
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be ky 


bee 


so 


‘ ummm oe 


appearing siematch. Therefore this system with accuracy up to « ensures proportion- 


ality between the speed of rovation of the d-c motor and the input voitage. 


+ é ; } 
Fig. 28, Fundamental circuit of che device 
of an electromechanical integrator, 
Indeed, 


«, = fit Pres, * ft pre, | (2.48) 
¢, Sak 
¢.- Rw 


where /,ip) ‘ hee 2% hae is the output voltage of the amplifier; k. 
¢. e é 


~~ the transmission factor of the tachomachine, X, -- amplification factcr of the 
amplifier. Since ¢, ~, from conditions of physical feasitility of the amplifier 
has a finite value, then for a value of KX, vory large in modulo the quantity of 
migmatch «, will be minute, 

If, for example, ¢,..,, * 100 v, and F, = 50,000 then ts ae = 2 mv, 
Thus, the integrating point obtains a potential differing little from the potential 
of the ground, i.e., as it is said, it is potentially grounded, 

Thus, with a very large amplification factor, it is possible ts disregard 


magnitude +, in expression (2.48) as compared with the remaining terms, and then 


or 


(2.49) 


To the # aft of the motor through lowering recucer with a transmisaion ratio there is 


joined otentiometer ~, by which the angle of rotation of the output shaft will ba 


converted into output voltage. Considering that ~~: gees we will recieve: 
ft 


Four a oe) a, J C.,4 5 


where Ky je the proportionality factor. 

Consequently, the output voltage or the angle of rotation of the output shaft 
can serve as a measure of the integral in tise of the input voltage. 

Let us consider in somewhat more detail, how the paramsters of the system will. 
influence accuracy of the executed mathematical operation. If one were ne* to dia. 
regard the Quantity of mismatch and not coneider loss in the motor armature, frictio 
and load on its shaft, and also consider the asplification factor of amplifier 
K, @ const in the operating range of frequeacies, then it is possible for the 
sotor-eamplifier unit to write the relationship 


a? (2.51) 


, Tp 
where T is the time constant of acceleration of the motor, k, — the amplification 


factor of the motor, 


Substituting value ¢, from equation (2.48) in equation (2.51), we will receive: 


Ss Aye. E (2,12) 
Pe Dp ae Kc ilyay 
or 
Faw: ai ‘ Pig Se j Fos 
oe, Auta’, ; 
Lf in the operating range of frequencies 
aT r - 1 tf 
1 Kebab OT 
thea 
~ a te 
ous TO ai, 


and the syctem executes the operetiaa of integration without error. Error of 


~~ 


operation of such a device will, obviously, depend on the absolute value of the 


‘ LF po 
expres sion ae : . and the stability of accuracy of sec-up of the ratio 


féFy. 6 by 


der rsass of the absolute value of expression es 


can be attained by 
inecruase of the total amplification factor © the servo syxtan K, k, k., asiection 
of low-inertia elements, for example motors with a low time constant of acceisr- 
Gtiow, and finally, by limitation: cf the operating range of frequenciea, ‘ncrease 
of amplification factor X, of such a system usualiy prevents loss of stability, 
cause by prea. ice of such neglacted factors as dry fric*ion, the gap in kinemetic 
circuit, equivalent constant delay, caused the neglected simi) inerinesaes of tre 
system and so forth. By force of this to obtain a giver accuracy 1% is necassary 
ito decrease the band of frequencies of operation of the system, i.6., in essence 

to limit circle of problems solved witn the nelp of such elsctromechanicai computing 
@LeEMGi.c8, 

The passband width of electromechanical computing elements for tne low-inertis 
magusetic clutches proposed by ©. F, Klubnikin (aee Ye. K, Krug and O. Minina [1)), 
possessing an equivalent time constant of acceleration T = 0.028 sec, does not 
exceed Lto 5 ¢. 

The required dynamic stability and rast attenuation of natural motions of the 
computing slement can de attained comparatively simply in a wide range of operating 
frequencies with use as the computing elements of systems of automatic control, ccm- 
posed of low-inertia units. Special advantages in this respect are presented by 
d-c amplifiers with negative feedback (I. R. Ragazsini, R. H. Randall, F. A. Russell 
(11). 

b} Electronic amplifier with negative feedback as a computing element. An opsra- 
tional emplifier (Fig. 29) can be considered as a servo system, rescting to several 
{in the general case, n) input signals. 

Role of the controlled rember here ia played by the same d-c amplifier, the 


role of the regulator — by a unique mismatch indicator, a miltiterminal network, 


eee 


compoeed of input impedances Bir Bgeeees Bins foedback resistors 8 amd input 
resistance of the d-c aaplifier By. Since feedback in ths considered amplifier is 
nagetive, output voitage of this multiterminal network ¢, can be considered the 
error or miamitch of the servo aystem. ‘considering the linearity of elemnts, 
forutiug the multitersinal network of the mismatch indicator, it is possible to pre~ 
eet the total voltage of error inthe form of sum, in which every addend is 
determined by the walus of the voltage, applied to the given input pole, 

Indeed : 


e ~firipre, a fstpre, * firipie, Tose.ce Jini Phe, Si! P hoes. (2. 5b) 


where, as we Imow (K, A. Krug [1]), tranefer functions f,, (>), £i2(P), coos fy, (p) 
and fo(p), exy “ested by the conductance of the corresponding sircuita, have the walues: 


Y,, 
fu P= yO — (2.55) 
D Yuleyt Vile) + Yep) 
1 


Y 
Fy std oe 
XS Yule + Va (pd + Yi 0) : 
1 
Yad 
Sy (P) = Soe cls (Py ; 
SD raed + Vip) + VseP) (2.57) 
4 
Sin P) = ge Mie (PY ee een (2 58) 
D rut + ¥s (e+ NM : 
‘ 
Ip) = ——-— Li bees 
SB riley th, 0+ ‘ 
t 
Here 
Phd ye yo wee 
iy ee uo 2° 
\ \ 4 
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with a sufficiently great amplification factor of the amplifier (in tne opera-, 
ting range of frequencies) and limited maximum value -f output voltage of the ania 
tor, the woltage of error ¢, is very low. Here, as in the preceding example, it 
turne out that integrating point oa is as if potentially grounded. If we disregard | 
in expression (2.54) quantity ¢, as compared with the remaining terms, then it is : 
possible to find the connection between the output and input voltage of the opera- 
tional ampiifier: 


x hpe 
i 


Cass t 


“f,P) es 


or after expression of transfer functions through the conductances of the corre- 


spomding circuits: 


* _ 
‘ Yi Cpye, 
@ i 


(2.60) 


Bue 


YP) 
From equation (2.60) it follows that accuracy of mathematical operations, exe~- 


cuted by the computing element, does not depend on parameters of the actual amplifier 





Fig. 29. Operational amplifier. 
if ite amplification factor is sufficiently great, but depends on accuracy of set-up 
and stability of values of the conductances of the input circuits and feedback 
circuit. 


Let us consider several particular regimes of an operational amplifier. 
Let the number of inpute n= 1, Yq = x, Yo “= then on the basis o: (2.60) 
1 2 
we will receive: 


R, 
Cone” kK. Cos (2,61) 


es A RONEN SOE oY 


The operaticvml azplifier axseutes here the operation of multiplication by the 


R 
constant —7*, ra : 
Lat there by n inputs Tj, = Raa’ Y2™ iS then 
: (2.62) 
Pou. = Mate 


The operational amplifier executes here algebraic summation of n input signals 
R2 


with multiplication of every component by a given constant — . e 
1i 
rR wR =...” = then h ie carried out braic sumaation. 
ae LY Rin Ro, then here is ordinary alge 


If in the feedback circuit, we cornmect a capacitance, and on the input —, an 
ohmic resistance, then when n = 1 we will receive: 
(2.63) 


Changing from representations to eriginals, we will have: 


: (2.64) 
Cour = eS 0,4. 


# 

Thua, with these resistances on input and in the feedback circuit the amplifier 
executes operation of integration in time of the input quantity. If the number of 
input signale is n and at the input are connected ohmic resistances Ry» Ry 2» ose, 


Rin» then here is executed the operation of integration of the sum of input signals: 


- come gi 
Cour = ~¥ CR, ¢,. 
t 
whence ro 
4 
Comms = Mt aa (2.65) 
3 


#Here and henceforth for brevity of speech by term "feedback circuit" is desig- 
nated a circuit, connected between integrating point and the output terminal of 
the amplifier. In reality a feedback circuit is the totality of this circuit and 
the circuit conrected to the amplifier input. 
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Finally, with connection at the input of capacitors, and in the feedback of 


resistance i we will receive when n = 1: 


e > Ripe, 


or 


Cour * RL ae : (2.66) 


The operational amplifier here works as a differentiator. 

Thus, depending upon the values of conductances of input circuits and feedback 
circuits the operational amplifier can execute varicus mathematical operations. “he 
expression 


Dulp 
r,(P) 


carries the name of the transfer function of a computing element for the i-th inout 
and henceforth will be designated by letter ~*. (p) in distinction from the static 


7 


transfer retio K, equal for an integrator to X "Feo for a differentiator K = hw, 


R 
for an adder for the i-th input -- KK), = rae 


R 

In table I are shown tne basic saree a operations executed by such an opera 
tional amplifier, 

On the basis of the theory of electric circuits at the end of the book (in 
Appendix I) there is given a more general derivation of equations of the operationai 
element end there are brought cases of obtaining combin’. Linear operations witt. 
the help of one operational amplifier, at whose input and feedbacks there are con- 


nected networks of various types, 


It is necessary to indicate that the examples in Table ' of multiplication and 


division by constante <=. and ;- | can also be used for realization of operations é 
of multiplication and division of two variables, if the diagram is supplemented with 
a servo system. Besides the mathematics] operations enumerated itn Table [I and Ap- { 
pendix I, by an operational amplifier with connection of a feedback circuit and at | 
the input connection of nonlinear resistances there may also be carried out functional 
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conversion and there may be reproduced static characteristics of oesic type non- 
linearities of systems of automatic control (gap, dry friction, sone of insensitivity, 
limitation cf cocrdinates by modulo, etc).* 


i ck We will give a physical explanation 
Mya | | | 


of the work of an operational amplifier 
i 


oy ca fme FS 
ey, (Q) as an integrator, For this let us con- 
| |} | sider the equivalent diagram of Fig. 30, 


Tn this diagram tne amplifier is repiaced 
Pig, 30. Toward ex- 


planation of the work by an eqiivalent gsnerator with voltage 
of an operational an- 

plifier as an inte- e,,, and a capacitor is connacted 
grator. 


through resistance 8 to a voltage, equal 
tO e. ee, Let us consider the case when ,.. is applied in the form of a 
step function. By force of tis fact that the voltage on the plates of the capacitor 
cannot change instantaneously (assume - 0 at moment t = 0), at the moment o° 


switching on tre input signal through the circuit will leak current 


e 
at 
(oot: 


R 
The voltage of error 


qe, — FR O 


It is obvious that with pascage of time, by measure of tne charge of the capacitor; 
current in the circuit will fall, and the voltage of error will grow. ‘'f the time 
constant of charge is very great, then practically within a certain interval! of 

time it is pessible to comaider the current constant. So that through capaciter there 
flows a current of unchanging strength, 1: is necessary that the voltage on its 


plates grows linearly in tim. 


Wee Ch. VIII am! XIII. 
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de, . 


Indeed, CC a if I = const, then 


(2,67) 


de { 
= 00nst and 6. = ct 


Since with a large amplification factor of the amp’ ifier valtage is minute, then 
the linear build-up of voltage on the capacitcr signifise linear build-ap of voltage 
on outst. Lf one were to conaider ths input signal conetant, then it will beccme 
evident that the output signal is a measure of che integral of the input signal with 
respect to tim. 

We will find the law of change of current in the equivalent circuit of Pig. 30 
with application of an input signal in the form of a step function. Using Kirchhoff's 


law, we will receive: 


Cea — Cour = IR eh fra. 


but 
=o Kye _ Ky (Ces - Rr, 


Cou 


hence 


. - | 
¢,,{41 + ,) =f Tt AYR 7’ nf tae (2.68) 


From relationship (2.58) it follows that the process of change of current, flow- 
ing through the capaciter of an operational amplifier, working as an integrator, is 
equivalent to the preeess of change of current in a passive electric circuit, can- 
sisting of a series connected oapasitor of the same capacitance and obmic resis- 
tance, amplified (1 + K,) times under the condition that to this circuit is con- 
necied an input signal amplified (1 + Ky) times. 

Sulution of differential equation (2.68) is 
(2.69) 


t 
"Try! 


I= “Be (' ", 


Ry expression (2,69) it ia poseible to calculate the maximum speed of decrease 
of current, flowing through the capacitor: 
(<.70) 


ee e, 1 
CF k Ta AY) 


may 


If ¢,, = 10 v, R = 1 megohm, T = RC = 1 sec, Ky * 50,000, then 


ee - 02 tw ‘a/sec O2 in ‘we,/sec. 
dt was 


Knowing the law of change of current through the capacitor, it is sasvy to find 
the law of change of output voltage, 


Indeed, 


necro 


hetetiemelt ee. 


and 
Last le a , ‘ 
few.” Kya —K, Sl ines Cao (<.71) 
Expression (2.71) can also be obtained formally as the solution of the differential 
equation of the circuit (Fig. 30), written in operator form 


2 : A cee Te} 


ms 3 
Cou Ou “d- Ah EP avd 


For @ passive electric circuit, consisting of 4 and -, we had: 


Thus, in case of application of an operational asplifier as an integrator the 
autput voltage changes aiso by exponential law, dut. with a time constant and steady- 
state value of the output quantity amplified (i + Kr times, “his gives an increase 
of the interval of time in which output voitage grows lineariy in time, anc con- 


sequently, inerease of the invecwal of time, in whith the process of integration of 


the imput signal is carried out correctly. 

We will find walues of input and out~- 
put impedances of the operational elezent, 
determining the possibility and convenience 
of ite combination with other devices. 


By definition input impedance can be 





found as 
Foe ee, (2.74) 

Fig. 33. Diagrem for de- 
termination of a) input Qn the besis of 3la, using the earlier 
and b) output impedances 
of an cperetional amnli- ralationships, we will write /, = fn rel 
fier, 

and ¢,= — a 


After substituting these expressions in (2.7%) we will receive finally: 


(2.75) 


Zz 


From expression (2,75) it follows that input impedance of the operations! 
amplifier consizts cf two components: ocne, equal to the resistance connected at 
the input, and the other, squal to the resistance of the feedback, decreased by 
(1+), 

With a large amplification factor the escond camponent is negligible. Indeed, 


let 


Z,2-R, = 0 wom, 2Z,--R,~ 1 owrow, AYO 10S 


Zu = Ry, x2 10/4 20 = 10! bm, 


Thus, input impedance of am operatiemal amplifier with accuracy sufficient for 
practice oan be considered equal to the resistence conmected to the inpat. With 
commection at the input. of a capacitor the input impedance, obviously will desrease 


with increase of frequency. 
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tor determination of the output impedance of the operational amplifier we will 
turn to the aquiwalent diagram in Fig. 31>. Considering thta diagram as a quad- 


ripole, we will write the equation for currents in tha poles: 


fy = Vs :f5. - Yi Peau 


I, = Vita - YP ici 


Output impedance of the amplifier according to definition will be: 


(2,74) 
\ ! Oyiay 
fame Tn a Pa Jee 
From the aquivale it diagram it follows that 
Forse Hout ihe Carag 77 RS Zz, 
4; = Ry ARS RR, = =o Zz; 7 O, = lyui Z, + £5 
> o 

After simple conversions for a very large ne we obtain 

(2.77) 


Z 
le qi (tt oP 
7 


It follows from this that the output impedance is smaller, the larger the i 
-- the amplification factor of the amplifier without accounting for the plate load 


“y 


of the output cascade -- and the less the transmission factor ie get on the com- 


puting element. 


During work of the operational amplifier as an integrator with increase of 
frequency the output impedance alightly decraases, approaching ¥,,,, — Tn 


\ 


cperation as a differentiator tne output impedance slightiy increases. 


We will define the order of magnitude of the output impedance of the computing 


4, 
4, 


oe 


element. Let R,- 22 aon, Ky = 3-108, With these conditions 


DON De at 
F eas = Raw. % 5 iv = = U33 ohm, 
Taus, output impedance of the operational arolifier is minute, whicn ensures 


simplicity of interconnection of such amplifiers ana connection with other equipment, 


5. Comparigon of Various Types of Integrators. 

The werite and deficiencies of various types of Linear computing slemente 
(wype I =» with a passive network at the input of the axplifier, typs IIT — with 
paremetric compensation of errcr and type III ~~ with negative reedback) already 
wore considered above in sufficient detail. 

It ia of interest to compare these devices in the gost critical regime -- when 
carrying out the operation of jategretion. As the criterion for appraisal here is 
expedient to select the least permissible frequency of the sinusoidal input signal 
and the saximum permissible time of integration of the step input signal. These 
quantities determine the possibility of simulation with real control equipment and 
the poselbility of use of integreting elemerts ir the composition of conirol equip- 
ment, 

These quantities are determined by the totality of properties of the computing 
clement. However for comparative appraieal it is sufficient to determine these 
quantities, proceeding from the persdiseible qventity of systematic error and limita- 
tion of the dynamic range of voltages of the devisees Caiculation of drift of the 
amplifier, imperfection of the integrating sapacitor and grid current is brought in 
Chapter ITI, 

We will give an appraisal of the least permissible frequency of input signals, 
proceeding from accuracy of fulfillment of the operatien of integration, 


On the basis of earlier material tue equations of the considered integrators 





*By the dynamics range of wolteges XK, here is understood the ratio of the 
walue of the output signal at the hundary of linearity to the minimus value 
of the input signal distinguished from interferonces, 
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* 
in operator form can be presented in the form: 


> 


Aust 
e 


. (2,78) 
~ Ay 7 | 
Pons Tp > I mi 
| 
ce ! 
me ATP I 


where a is the coefficient, taking into account the degree of compensation of error, 
Ova 1 Ky Ky Kiem amplification factors of amplifiers o” integrators I, II, TIT 
types without feedback, T = RC -- the time constant of the passive network, taken 


identical for al] three types of devicas, 


With a sinusoidal input signal for peak values we have: 


; kK, fe Rf bee eS (2,79) 
owe PS or ep eg ap te 
Vt ies need 
(Toy 
Kul 3? to) 
Pout Te il ~ 2 Tuy? Car 
ee Kin, } 7 
four TT Au To i TW Ayterge [oe 


The second addend in the square brackets of these three expressions determines 


the systematic error of the opsration of integration. Designating it 3 we will 


receive the expression for the minimum permissible frequency of the processes 


1 7 a 
Paint 7 yi. (2,80) 
1 ft 
Sain ti > rt 2° 
1 Jo 
Gwin It 


“Tarai boas 
From comparison of values of .., it follow= that for the same T and 1 the 


least permissible w will be in an integrator type III. However with a sinusoidal 


input signal, besides error in amplitude, there occurs phase error, 





We will find the minimum permissible values of .~ proceading from the given 


S6LgN8 ee. in expressions (2,78) are omitted, since for the given considera- 
tion they do not have essential meaning. 


i : 
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; 

5 

t 


persisaible phase error AY, With the help of expressions (2.79) we find: 


(2,81) 
sai 7 '2(3 = 42). 


a eat + te(5 = a2). 


® 1 * 32) 
Pain Kant'#(F Sas 


Since 1c cil+*;;. then fur given Oe and T the least permissible u 
will be in an integrator of type III. 
Let ue consider the case of ideal integration. Here, according to (2.79) we 


obtain 


(2,82) 


(eeuming that Soue_mae =K, isa finite quantity, we will find the ainiaus 
es @ta 


permissible w from expression (2,82): 
(2.83) 


« K « K t 
Sel = Te ha = PK: * ate M1! oo 


Since K, >K_. > 1, it follows that an integrator of type III gives in this 


II 
case too the least permiesible walue of .. 

Thus, for each type of device there are obtained three conditions for determi- 
mation of «,,, Obviously, the determining comlition will be the one for which the 
frequency is higher. Which of the three sonditions will be the determining one, 
depends of: the taken values of 3. 3). 7.1K, K;. Ky and X;,,, 

In Table II are brought, for example, results of calculation for values of 
the enumerated paransters, often met in existing computing elements. 

Thas, for integreters of types I and II the quantity «.,, is determined by 
the necessity of sustaining the given phase .rrer, and for a device of type II] — 


by the finiteness of quaatity K,. Thies last is limited in by cutput veltage ‘7 
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og ee 


the limits of linearity of the amplifier, and in input signal —- by its minimum 
value, which it is still poseible to distinguish in the output signai from inter- 
ference, i.e,, the quantity of permissible error. In many cases it is po:sible to 
consider Cessna — 100 © éerma U1 and, consequently, A, 1 

During integration of a etep input signal output voltages of integrators will 
change by these laws: 


Nah Be ot 


ft 


ee (On eras ee (2.84) 


T ary’ 


A ( eee : ‘ af 
Cour == ae e,\lt—e ! bes Ave, 7 (1 — ar): 


¢ 
eo sete —¢ re a 
Pe ee ad aes aac 
~ Ts Arts fo 7 2a eh) 
Comparison of “hese formulas shows that error of integration, expressed by the 
second addend in parentheses, will increase most slowly for integrators of the third 


type. 


Tadle II 
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a (a) pe of device; (b) Conditions of determination 
wmins ( error; (d) Amplitude error; (¢) Phase error; 
(t) Finite walue of dynamic range; (g) Bete. 


Appraise! of the maximum permisaible duration of the process of integration can 
be conducted just as in the preceding case, proceeding from the given systematic 


error of the process of integration and the finite value of dynamic range of 
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voltages of the instrument, 
In the first case obtain: 
i 2.85 
feat= 272 bean = a) Fart = 273 (1 + Ky). ( 
Proceeding from the finite wilue of A, in ideal integration we have: 
A. A (2,86) 
teat = 7; Ti feieit = — T. tear = A,T. 
In Table III are the revalts of calculation of tee. for the most frequently 
encountered values of parascters, 
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a os Bh of device: (b) Conditions of determination 
error; (4) finite value; (e) ncte. 


Data of Table III indicate that for the most frequently encountered values 
of parameters and permissible error of A = 0.1% determining factors for finding the 
maximum permissible duration of integration are: systematic error for integretors 
ef types I, II and III (when Kiry = 5°104) and the finit. value of the dynaaic 
range of voltages for devices of type III when K,11*5°10°. Devices of type III as 
compared with devices of types I and II, other comditions being equal, ensure a tine 
of in egration many ordere greate. 

For further ‘ncrease of the perwicsible time of integretion of a stabilised 
operational amplifier (Ky ~ 5.106), as follows from these computations, it is neces- 
sary to increase the dynamic range of voltages of the instrument. This is possible 
to carry owt both by decrease of error and by expaneion of the linear reage of change 
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of output voltage. The last was very shrewily realised in the step integrator 
offered by I. ¥. Koroltkov and I. A. Bubnov [1] (Pig. 32).*% The basic idead of this 


integrator consists of the fact that the operational amplifier integrates only for 


the duration of permissible time ¢ 


mas file 


After ts reaches the value c,...,, = + 100 ¥ on the divider of reversible 
stepping selector // the cursor moves one lamella (one step) and voltage * is 
stored; simultaneously capacitor C is discharged by contacts of relay ' or : and 
integration atarte all ower. Cutput voltage ¢.., is taken from auxiliary adder 
2, where there is added the voltage from the divider of the stepping selectur and 
voltage from the output of the integrator, This ensures a smooth curve the whole 
range of the output signal. Thus, after n steps on the output of the diviser thare 
will be established voltage 41U/,, which corresponds as it were to ann time in- 
crease of the upper limit cf linearity of the amplifier, and consequently, of Ky r 
Therefore the maximus permissible time of integration now will be increased n 
times: faci -74,7. where n is the number of steps of the divider for voltage of 
the same sign. Simultaneously with increase of the dynamic range of voltages one 
can somewhat decrease error due to sero drift of sero due to operation with in- 
creased input signals. Thus, application of passive integrating networks with an 
amplifier ie expedient starting with a frequency of the input signal cf 10 c and 
higher. When indispensable to integrate signels of minute frequency it is necessary 
to change +o operational amplifiers. The mimimum permisaible frequency hsre will be 
in (1+Xyy7) times less as compared with the case of application of passive cells. 
The factor determining the quantity value of, for ali three types of devices is 
the phase error. an excestion are integrators based on stabilized operational 
amplifiers, for which the determining factor becomes finiteness of the quantity 

K. . Maximus permissible time of integration of « stes input signa, for ass 


#See also L. N, Fitsner, L. I. Shevchenko, (ne method of integration of electric 
voltage, Inetrument-making, No. 8, 1957. 


three types of integrators (with the exception of integrators with stabilised 
operational amplifiers) is determined by methodics! error. Here operational 
amplifiers have the grosatset tis of integration. For integrators with stabilized 
operational azplifiers, the cetermining factors becume lead of the integrating 
capacitor and finiteness of the dynamic range. The time of integration ¢,,, for 
euch amplifiers does not exceed 1000 sec when q = 1000 and R, = 4+10° megohms. 
Purther expansion of the pezsuiseible time of integration can be aitained by 
application of the circuit of ao step integrator with simultaneous increase of 


the leak resistance of the integrating capacitor. 





- Fig. 32, Functional diagram of a step integrator. 
oC -— comparator, Ko — stepping selector. 
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SRROR OF LINEAR COMPUTING SUSMENTC 


1. Basic Propositions of trror Theory 

Investigation of error of a computing slement pursues the goal of giving an 
appraisal of the accuracy of fulfillme cf a given mathematical operation, o° 
determining the main primary sources of error and their influence on totai error and, 
finally, of establishing ways and methods of decreasing the most substantial con~ 
ponents of error. Xnowledge cf error, introduced by a separate computing element, 
will allow one to proceed to appraisal of the error of a complex of such elemsnts, 
i.e., to appraisal of error of the solution of a differertiai equa*ion. 

Analysis of errors of linear and nonlinsar active and passive electric cir~ 
cuits, including computing elements, is the subdtect of fairly extensive literature 
(M, L. Bykhowakiy (1) - (3],M. A. Shnaydmar {1)). 

Error of a computing element is what we usually call the “iofsrero> netween 
real and ideal values of output emgnitude at a given moment of time for the sane 


value of input magnitude: 


ae ity Ooo. tee , (lr 


where ¢.., .(/) is the ideal output quantity, corresponding to a given sathematical 
operation, ‘su. .!f is the real output amgnitude, obtained as a result of operation 
of the device. 


Total error 3... 1) can be divided into two paris: systematic and random. 


The systamtic part of total error is either constent, or changes by 4 prior imowm 
lew. ‘The random part of error is cauaed by acsciaental factors cr sprecd of paramete:s 
within allowances for parts constituting the computing eleuert., Rendam errers can 
changs arbitrerily in time, i.e., be random fumetione cf time or not change in time, 
i.9., be randow parameters, Depending upom *he charecter of processes in tho com 
puting element calculation of total error can be conducted for two regimes: stsady- 
state and .v“ansient. 

Determination of dynamic error is significantly simplified, if one were t+ use 
opereticnal calculue (sew for inetance, HW, !, Kantorovich [1]}, Hers it is possible 
to reduce & dynamic problem to a static one by tre. -o to @ so-called -spresenta- 
tion circuit, 1,6., the circuit of a casaputing element, composed of operator re- 
sistances and the eaf cf initial conditious, assuming first that the amplifier «of 
the computing element is ideal (its transfer function is constant). Such Jdssi lxe- 
tion wiil allow one in the beginning not to worry about quections of atabllia: of 
the computing element and not corside> finiteness ite passband. 

If the computing amplifier idealiy executes the given mathesatical operation, 
then the conrection between output and input quantities will be determ‘ned by the 
relationship (ace Chapter iI, page 51) 

(3.1) 


e 
Z 
fous Rete Cone: 
ia 


wheres 
{Y., (Pp). 


t¥,, (Pe 2 rete 
(fd. Mote. Subscript # = ideal}. 
The result of the anthematioal operation, executed by the operational amplifier, 
may differ from the ideal (3.1) dwe to errors im physical realisation of the given 
transfer fumctions i..:r'l. due to the presemes at the input of the amplifier of 


an emf ic, equivaiemt to instability of the sero level at the output (so-called 
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asro drift) and due tc the presence ‘1 ‘nput voltages of spurious high-frequency com- 
ponents. Furthermore, there can “e inaccuraia set. .p of input data, for examples, 
in case of feeding tna operational amplifier fron potentiometric (or other type) 
trenaducera of the investigated equipment. 

Tf of8 were to use otuation (3,1 and consider the ebove~-mentioned factors, with 
the exception of spurious high-frejuency compcnents of the output voitage, then the 
connectior vetween sutput and input quantities Cor t:> operational em lifier can be 


precented in the form 


me CA52) 
Con. ‘ [2 spe a, ' 
. . us * o é 
x 
ar ips | 2 
: : Ni 
oe 
where 
[Y..¢ Pil 
iv, t Py. 


131,/9N, = a eS 
iN PtP ou A 
\~ trol 7 Ay 
(Sd, note. Subscript? Mand P © ideal anc reai. respectively’, 

is the transfer function for the 1th inrut; if. the output voltage, caused 


by inaccurats setting of zercv, “Mm the oasic of (tLe) the transfer function “os the 


signal of drift is detemnired as 


s 

Noy 2)! 
v 7 FRI 
eben Pl ‘ 
; S teers 

“e 


This expression indicates whr it fa necessary te oriig te the inout of the ampliffer 


the signa) of inetability of the sero level, maasured at the outrut of the computing 


silenent : Ae, ives four ot 


. 


tae 


bs, (PY, (1-4) 
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If the error of the of wational caplifier is emll, then [;,,(>)), differs little 
from [;,,:p'], and in this case in the first order of approximation 
Be a, (3.4) 
Dirt +! 
i 
Error of output voltage of tne computing element can be calculated, if one were 


to place in ~quation (3.2): 


Fount p = Cont © + de. 


lei (Pilp = (ef P he + 35,02), 
(Coe hy = ards + Mee, 
and subtract equation (3.2) from equation (3.1). 
Disregarding product of fLicrements of variables and their squares as compared 


with the increments themeelves, we -rill receive 
Ney = — : Seu (P) as de — View Seope (3.5) 
: [ Steuer, t | 3, > Meus 
Error in the .-ransfer functions  4;,,19) in tum depends on finiteness of the 


esplification factor, the presence of leaks at the input, output losd and errors in 


parcmeteres of elements of the input circuit and the feedtack circuit. Therefore 


(3.6) 
OF, a, , 
4a, (9) = lau (Pl, ~ [F.(P er "hy + Syl ay, + Par, 
Veo, 2h 
Tota’ abdeolute error of the unit here will be 
Ce ‘ AF, (3.7) 


a 

- = p= y 

[6 esa ae oe itu (P), = Fu lPrel ie. et >» ery +? Vaart et 
' t 


‘ a 
+) pl? AY en | ~ Mitral Man = 
r t 


e 
+ [Siu + |] 34, Se 
heel 


Thue, total error ef the computing bloek cenaists af « number of primury errors, 


oe 


caused by inaccurate phy ical reelisat'on of the diseram olock (presence of Leaka, 
loak and a finite amplification factor), erroea of input quantitiea, errors in 
set-up of parameters of input impedances and feadback resistances and, finally, 
presence of instability of the wero level se.) and inaccuracy of ite setup 
Seca te 

Determinaiion of total absolute error by expression (3.7) 1s nossible only when 
the value of all primary 6rrors are know beforehand. In reality, separate primary 
errors, being random variables, can cake in each new cycle of work of the block 
different values within the full range of their change, 

If a random variable has a normal distribution of probabilities, then, as we 
know (see, for instance, 8. V. Gnedenko, A. Ya. Khinchin [1], P, L. Chebyshev {11), 
the probability that its maximum defiection from the mean value excesds tha quantity 

33 (where 2 is the root-msan-square devlection) is minute and constitutes 0.27%, 

This ellows one to take as an appraisal of maximum deflection of a random variable 
from the mean value the quantity 3; If the considered random variable dspenis lineare 
ly on @ number of mutually independent primary random variables, each of which has 
&@ normal distribution of probabilities, then its maxisum deflection from mean value 
will, ae tefore, lie within 3:. but now the average and root-meat~-square deflection 
will be detemained es the sum of mean and root-mean-square deflections of the pri- 
mary random variables. 

If it is considered that Ar, 3); de. de, amd = oae,,., are random variables, 
then the maximum value of the . .ndom comronent of error can bs determined from the 


expression 


an (3.8) 


Maur uaot Cre. | op Sy Op 


where a,,. 1s the mean value of error of the output woltage, and } f+, is the 
total root-mean-square deflection, 


In the considered case the resultant mean and rooct-mean-squars deflectiocii can 
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be Sound irom theese relatimmanizes: 


{oy sy * (3.9) 


a 
Sf My t ‘ : 
Greg, 7 a ~ (SP) ras ae Far, + M5 Ga eax he Bey, a 
3 j 


& * 
% one Pes 

+ Mirai tinn = [6 ‘Pile + i t Bore. a 
; t 


Lat + (3,10) 


« f 3 * 
+ x im. iPyis Sag j ee [s {Fis (Pin “| te, eens ye 
in 
Gartities of the saan value faxpectation) and disversion ef separeto orrare 
can ta found, using propercies of & curwe normal distribution (Fig. 33) and knowing 
the soundarios of the Meld «f Salerance for the considered randiom variables (MN, G, 
Eruercyieh (13). Ts Fig. SS on the anes of seordingtes arc placed possibile isviations 
qq and their provability dmaity £{a,). 
indeed, if in tas Field of talerance the distributive iow of error is a syn- 
wtteioally losated curve, then 
oll 
mg Al. &, = 5, — *). (3 ) 
where A, ie half tke fiald af tolerance, and £, and wm, are algebraic boundaries of 
the field of toleranse. 


Tetal absolute error of @ camputing sloment herve will be 


Bl gus = ME geen. ewer tT | Preeus | + 32 eae? 
Where dels cacy Le the sywtematio error. 
As tas eriterlon of accuracy of a computing element it is iaposelile te take 
the absolute value of error, cince accuracy of work of the device depends net only 
on adeciute crrer of its cutput quantity, but alse on the value of the saxiaum 


output quantity. Otvicusly, fer equal abselute values of total errer the accuracy 
ia higher for that device, for which the outmit, quantity is greater. 


~t7- 


In measuring technology (s¢9, for 


fq 
| instance, Ye, G, Shramkov [1]) there ia 
! often used as the criterion of accuracy the 
Tes 2 ise i quantity of absolute error related to the 
LU a “- maximum velue of the instrument scale -- 
Fig. 33. Curve of normal the relative error. In our case this will 
Gistribution. 


be the ratio of absolute error to the maxi- 


maa output quentity 
Maur 
Muy = (3.12) 


Where = fxr me: 18 the maxinam value of output voltage cf the block. 

When the quantity of absolute error is in turn a function of the output quanti- 
ty, i.e, has different meanings at every point of the inetrument scale, one should 
use the particular practical and integral precticai criteria offered in theories 
of accuracy of mechanisms (N. G, Bruyevich {1]). The particular practical criterion 
determines accuracy of a device at a given point of tho opsrating range: 

(3.13) 


_— 


: Mons (sei) 
‘ect. Rpaat — : 
wuss. mA 


and the integral practical criterion allows one to estimate accuracy of operation of 
a device at a definite interval of change of the output quantity 
Fors 2 (3.14) 


_. fourt 


andayant Sous. mat 


It is easy to prove that both these criteria change into the generally-accepted 
criterion of accuracy (3.12), when e,., does not depend on the value of the out- 
put quantity in the operating range. For a linear cawputing element as the criterion 


of accuracy we usually take the expression 





Mies gaa 


One should give independent meaning to the absolute magnitude of the criterion 
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ef eseuracy. By ite nature this criterion gives only an appraisal of maxim pos- 
sible error of clement, and therefore allows us te compare various computing elements 
by their escuracy, and also to explaia the mect suitaale mstheds of decreasing error. 
It is obvious, that that computing element for which the magnitude of the expression, 
taken as th” -iterion ec? ascurecy takes the least value, is the best one, 


2. Prigery Errors of 4 Computing Element 

Let ua consider theee primary errors, which determine the systematic part of 
error of a computing element. Aa was shown above, this part of total error is 
ceueed by inaccurate phyeioal realization of the given transfer function, basically 
due to finiteness of the amplification factor, presence of spurious leaks and capeci- 
tive couplings in the circuit of the computing element, and also owing to internal 
resistance of the last cascade and the load on its output. The systematic part of 
error of output voltage will be determined from the relationship (3.7): 


a -_- 
Mea cece a 2 Pu (P)Ip — (Fu (plas (Carpe: 





definitise expression of the transfer function of [7::(7)|, received in Section 1 
taking into account the abeve-matiened d‘stortin; factors. For this let us censider 
the equivalent functional circuit ef an operational amplifier, shown in Pig. 34. 
Using the method of finding the tranafer function show in Chapter IT, we will re- 
ceive for the considered case: the equation for the voltage of error 





[2] 
ren 
Fig. 34. Functional 


diegram of an cpera- 
tional emplificr. 


a= fulpre + fi (pre; Tse y 


t (3.15) 


+ fia (PCa + Sy (P) Cour: 
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here transfer functions £11 (P)seees f, ,(P) and f.(p) have the values: 


e Yi.¢p) 
fuir=(" cijuntiae =. 4 gah 
t legeeys Og * Fae Sra rn ' rp) 
‘ 
a Yinlp) 
ml eyetye .. Ol gi Fou ~ r,, (Pp) Ysa): Cp) 


e. Vatpy 


q(p) = (. ~~ 


cos ee eae ws Yip) + Yaa) + Vi Cp) 
4 
the equation of the amplifier taking into account internal resistance of the last 


cascade and of the load 
rin[t—s rp) (3.17) 


x: YApy ay 
Yee) + Walp) ral) 


tour = 


Comparison of expressions (3.14) and (3.17) with analogous expressions, found 
earlier, shows that taking into account internal resistance and load in the last 
cascade leads to a certain decrease of the tctal asplification factor. Designating 
for simplification 


yotns[— PP] 
Yuma fo, 
Yep) + Vatpys sty ?(P). 
we receive 
a 
¥ rucrya (3.18) 
1 


Sous = — yp ae ; 
a(P) v . fe 1 { 
a EM ited EMP] ce ee eee 
; Yip) ADs (Pp) 


Here Ki-.K, rey ts ie the amplification factor of the amplifier without feedback, 
calculated under the condition that in the output cascade Y,—+0; : is the ampli- 
fication factor of the amplifier witnout feedback, calculated taking into account 
the dynamic amplification factor of the output cascade, but under the condition 
that there is no external load, 1.0., (“alsews > 0; Y, is conductance of the plate 
load of the tube of the output cascade; Y, = ®; is the internal conductance of 


Lc ae DP 


the tube of the output cascade. 
ence 


I 
Ua (20g = (3.19) 


j I 
Y yy ) eres 
(s Yuley + Yilp+ lita (PKC A) 


Error of the physicul realisation of the tranefer function can be found by expression 


(3.19) in the form 


220 
Bey (py = Study Yuley  a¥a Cpr Yule) _ (3,20) 
" Kulp) Ys) Y3s(0) Yet?) 





-{[s ¥1,(P)-+ Vs(p) + Ya(p) Tn am 


The systematic part of the absolute error of output valtage will be here 








(3.21) 
: Na Kus an BY 
Beousencr = OAT Mion a _ Vs(P) Cait 
als, (P)+V3(p)-+ Yap) I rte 
linn" : |r Bn] ™ Fe (7) 
Relative systematic error will be 
.: Mou act (3,22) 
Bt ous cur > — et = 
ond. mar 
a v AYuCPY KY face HOD YP) (vee 
mt VCP) TAP) Fon ane) TP) TOP) ees 
fx Yule ¢, 
> y y a Yo : ry ul ot 
* I~ . (PD): t glP! oe aN Vp) A. yp) | mt Ys CP) om Bates 


Let us consider each component of error, 

Errer of conductance of the input circuit. This error, as expression (3.22) 
shows, other conditions being equal is greater, the greater the mumber of component 
and the greater the tranamissien ratio 5. set on the computing clement. Error 
ef input conductance (systematic) usually takes place during operations of @ con- 
puting element as a differentiater, when te the input is connected a capacitor, 
pesesesing a finite leak resistance R,. Designating conductance ef the leak of 
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Seer mee Siena? oie 


this capacitor by Ay(P), we will receive: 
BY, (p) = 1%, (p) + Ay (PM ~ Vy tpi = Ay Op, (3.23) 
3 Ay iP) fun 
Boas curt, = YiiP) @ ; : 


Gatd. enas 


We will estimate the »saximm possible value of this component of error, Let 


Fas i 





—= 5. VYy=1-10 “tho , A= 0.2.10 "ho 


Gouss. mar 


(for atyroflex capacitors), Then 


% 
Be ous, ener, =o on 2-307! oY 0.024, 


Error of ounductance in the feedback circuite. Thie error is caused mainly by 
the presesce of leak in the vapaciter, cannected during work of the computing element 


8a an integretor or integrator-adder., Here 2), > 4,. and 


¥ 


.- _* <2 Yulpy ta i 


S . 
out. cart, = "Y, ane Y 1?) Peak’ wan 


Changing to originals and aseusing that «,., changes in such a manner that 


wd when t < O and o¢,.,=1 when t 30, wt will receive 


whence for sero initial conditions we will have 


(3.24) 


a 
AptQol 4, e 
ous. cut, —= @ » Ry teas oF | 2 


Thus, error due to leak of the capacitor during work of the block as an inte- 
g7ecor-adder will grow proportiomally to the wguare of the tine. 


We will estimate the mgr. tude of this ccaponent of errcr, 











Let C © 1 microfarad, 4,= 1. secx |: r= 1, 2; = 1 megchm. Then in the 
maxim time of solution 
é, = ; a 
+ ¢ * 


ai CR, Const mat 
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be ee es 
en. cart, = 


For t, = 100 sec 


Bleue. cect, oe = 10 or 1%. 


Error due to finiteness of the amplification factor of the amplifier. This 





compenent of error on the basis of expression (3,22) is determined by the relationship 
e oa y —; 
Beaus cart, | YuCP) eV y(Pd+Yy(P; iF Y, nak [ 


xy Yip) Coat = 


ol P) feu. Wang 


Here aleng with a fin‘te value of the amplifiostion factor, crere is also texen into 
aveount the influence of lead 3(p) and leak of the grid of the inpet cascade of 
the amplifier ¥,(p). Since uewally quastity on 3 is always lecs than one, the 
influence of load can be aeceunted for during amalysis of error, caused by finiteness 
ef the amplification factor, by moans of a corresponding decrease of the amplification 
factor. 

Indeed, 


ot 
Pi) Veto) + Yelp) + Ysiv) 


Here ¥,(p)+¥.(P)+ (1. (Pileee Simos usually Yy = 10™ who, (Yi. 7 10™ sho, 
1, = 107 sho and ¥, = 20 she, then the quastity YT, ie at least two orders less 
than Ty, YT, amd Vee During eperetion of & computing element in other regimes 
this cemelusion remains cerrect, and therefore with sufficient accuracy it is poe- 
aikle te consider 


: ¥ 
PO VE Temes 


We ill intreduss the eencept ef the resultant amplification facter of an 


Sane 











amplifier taking into account load (A;)..- 4,3  Sinee 


: y+Y 
Kya Ky 8 fs, 
then 
‘ ¥,+ Y, Y, > dy bee.) qe eet i Denes 
(Ky pes = K, Ye . Y, + CU elocua t Ye Ky 1+ () dewenue : 


Yer Y, 


when (Maes = 107° wo. Ky 10°! wo) and yY, lu' wo 


kK, es 
Kye = R= 057K, 


Thus, the resultant amplification factor when (Rads.e » @ 10 kilohms is lowered 
33% as compared with the case, when (Rukia. > 

We will now estimate tne error, appearing due to finiteness of the value of 
the amplification factor for the heaviest case, when the operating amplifier works 
as an integretor-aker, and input voltages change instantly by a corstant quantity. 
On the basis of (3.25) when Yue Y2 = Cp ani Y, = 0 we will receive 


Beas cuct, = | [s 2: + cr] ' | v I eas . 


ost Cp ob a, | PL Peis eeboa 
i i 


or, changing to originals, 


: a \ a 
d Moar carry \' at 2 Vv Far fo. ! } ; 
5 ati 7 aut Rot. ee Fk oma KR ne Vly A, 
1 i 


* 
wrence, for sero initial conditions, we will find 


. . (3.26) 


., 4 | fay 2 


¥ =|a. se 
ean | OTA ee Rh ee Meee |e 
1 i 


Thus, during work of a computing element as an integrator-adder, the relative 
error, caused by finiteness of the amplification factor, will be greater, the lese 





#In this equation there ie not considered the delta-function found in a strict 
resolution of the initial equation. 
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the amplification factor of the amplifier and the greater the value of the sum of 
transmission ratios for separate components. Error is directly proportignal to th» 
aquare of the time of integration. If absolute error of such a computing ¢lement is 
related not to the maximm value of output voltage, but to the ideal value et che 


given nonerxt, 


1 
fore = — RS foils 
i 


ae thio is done in literature (M. A. Shnaydman [1], G. Korn and 7. Korn [2)), then 
expression (3.26) will be simplified: 
(3.27) 


From this expression, in particular, ome oan determine the required valu: of 


the amplification factor so that error does not exceed a given value: 


<8 

fie wih toe (3,28) 
9 O67 Woo coc, at RC z 

When f= /,> 100 sec, 2, = 0.01 a5. RYH R=Ry= Kw, — R= 05 wow, Ce I wt 


we will recelve 


Ky > 75 000. 


Thus, to execute the operation of integration of rive camponents during the 
period of 100 sec with accuracy of 1% it is necessary to have an amplification 
factor of the amplifier of the order of 75,000, 

ioation fac of the ti auplifier at sero 
frequeng Ae fello« from the above, inorease of the amplification facter at sero 
frequency cosuses decrease of srror of carrying cut a given maithemtioal operation. 
This is especially important during the operation of imtegration. In conmection 
with this, the wide-spread opinion that the higher the amplification factor of the 
amplifier at sero frequency, the higher the performance of the computing clement. 
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However if one ware to consider real properties of the integrating capacitor, then 
it is poseihis to arriwa at the conclusion that there exista completely definite 
value of the aspiificatine factor of the amplifier, further increase of which no 
longer has crecticel meaning. 

If me were to use the relationship (3.18) and substitute in it preiiminarily 
(taking into accoun’, leak in the integraticg coint and leak of the dielectric of 


the integrating capacitor) 


| 


Yu @,° YygeVy= ... — Mg A(R Ay, 
t zs 
Y,= Be ¥ Ag} -- A 


that by simple trensformations ws “ill receive: 


: = Ayes 
iy Sg Eee yee OO pn, Retin: 
I +0 +4,) R T p, i i + A) Rp 
We will introduce the soucept of the effective amplification factor of ine 
computing element in ai iategrator cegine: 
AY 
(K agg 8 BR RT 


ae R. 
1 + u + Ay} R. + 


» 


Then after division of the mswrsier and dencainater of tha right side of the exprss- 


sion for ¢t.. oF hi ibs Kye - a we finally will receive 
i rR, =A 


: hes ss 
_~ =~ - sotto . ~ : 
ea Re sge BCP + ! 


Thue, the structure of the formise of an integrating operational ampitfier is 
kept during consideration of imperfection of the integrating capacitor and leaks at 
the asplifier input. ‘(ely the value of the effective amplification factor changes. 
It is obvious that to lower error ome must seex t increases 4.5... 


The limit value of iA,'.5, da attained when al. 


? 


ne 


a3 » es 
i hes ape. x7 


We will determine that value of the amplification factor 5 = . of the ampii- 


fier, with which (A\),,, will differ from the limit walue by not more than Sf. 


From the formula for (A.,., it directly follows tha 
(3.29) 


Thus, the maxims val: . of *he agplificat.on factor of the amplifier, taking 


into accourt imperfection of the integrating capacitor at sero frequency, must not 


R 
be taken higher than 20 7”. 
t 


3. Random Cauponents of Error of 4 Computing Zlement 


The mein commenents of the rancom part of error of s camputing slement are in- 
stability and inaccurate setting of the sero level of the oucput voltage, presence 


of harmonics in tne output voltage and inaccuracy of seiting of resistances may 


2° 
ak z 
ou PES Instability of the sero lewal is what 
fe gre et 
eg aaa 
anh pea we usually cali warlabie roltage. appearing 
Bea 
[ro a | i at the cutput of *+>) operational amplifier 
a-- ee oiemeal, Sos non 
with clomed at a camaon point ‘ip * imped: 
Fig. 35. Om the question 
of sero drift of the oper- ances (Fig, 1°). Appearance of voliags 


ational amplifier. 
at the output of the cperational amplifier 


in the abeence of veltege at input can ave the following causes: 
1) instability of power rupplise of the amplifier; 
tudea; 


2) change of emitting prover.ies of cathodes of electron t 


3) presence of gri4 cur-ents; 
h) weriation of parameters of alemente of the awpiifier cireuit, 


Demaliy this falee catput voltage is lead to the input of the amplifier. ‘Nn the 
dasis af (3.4: ‘ 
Bic G. 
t+ Mig, (rh (3.30) 
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For feeding operational d-c amplificrea we usually aonly stabilized electronic 
rectifiers with an accuracy of meintenance of sonstancy .- voluags of O.1 1.0 UU18, 

Changes of the enieasion current of sicetron tubes takaa place both witn hich 
frequency and alec very slowly (N. A. “aptsow {11) anc Le caused both by the actual 
nat ocre of thermionic eniesion ami by oecillations of filament voltage. 

For operationa: amplifiera elev enanges of the antssion current have the greatest 
importance, They lead to ar ajuivalen’t. change cf grid biaw of the elsctron tube, 
Thus, for example, for tube oo xaxent shange of blaa with a change of filament 
voltage by + i0% ie 219 milifwolt iY. 7. Sushkevieh [1}), 

As we knew (see, for inetunce, V. F. Viesev [13), even wlin negative yoltage on 
tre grid of an electron tunes in the grid circuit thass can leak beth positive and 
negative grid curre:t, Let us consider in simplified form by the diagram of Fig. 35, 
the influence of grid current on the outmit voltage of the operational ampli ?ier. 
One part of the grid current flows in the input impedances, and the other -- in the 


feedback resistance, Therefore 


‘, = / + hy 


where =lytint+--. +h, 48 the total current, branching in tne input impedances. 
If the conductance of the input circuits Tip Yi2» Yyqecees Ty then 


Yoo ™ Thy + Y)2 +e. + Yyy and current / will be equal vo 


7 : (3,31) 
4 og V suey. 
Current /, one can determine from the relatiorship 
I, = Y,[de, — Seen, Gl. (3,32) 


Considering that 4eu..7 -A,\e,. we determine from equations (3.31) and 
(3.32) the quantity of the grid current: 
b== Se vue + ¥,(1 t Ay) 


or 


1, = M6. Y ves [ ‘ yet t Kyi. 


yhence 


Br eeshe us 25 aa (3.33) 


The prowencs of grid current ctuses the appearance of equivalent voltage on the in- 

put of the amplifier, With a large KL, when pial + Ky) >>), it is possible to 
me 

sompider that 


Gere: (3.34) 


Thus, with 2 large saplification factor grid current causes lees change of thea 
equivalent grid bias, the leas the realatance of ths feedback circuit and greater 
tha amplification factor. 

The absolute and relative value of error of the output woltags, caused by the 
presence of grid current, we will determine from expression (3,34) in the form 


é / 


£ s £ 
¥, and fsa. 


I eur max 


Beau 1 


Let T, = 0.1 micrcampere, 15° q = 10-6 mho, Ky * 50,000, eye en * 100 ¥, 


g 
Se, = 2010-6 v, or 2 merovelt, Then 


Mou = 0.1 v and Maus. a 0.8%. 


By itself voltage ‘i¢, is minute, However ite harmful influence can noticeably 
develop during work of the operational amplifier aa an integrator. 
Indeed, if in equation (3.34) we substitute Y,{p) w= Cp and assume that grid cur~ 


rent is conetant, then we will receive 


se ly 
ae, = CpK, : 
Changing tc originals, we will have 
d (se) he 
ae ER 
whence 
', 





With constant grid current and absence of voltege on the input the voltage at 


the output will linearly inersase in time: 


I, 
Maus. : € t. 


The relative error of outpui voltage, caused by the grid current, will be 


(3.35) 


/ 

+ & 

Ge met -t, 
ee Ce aus. mat 





when Ig = 0.1 ° 10% a, C= 1°10 £, for the solution time t, = 100 sec and 


“swear = 100 v, we will receive 
== 10%), 


s 
/, 
1 ae 3 


These results show the necessity of maximm decrease of the quantity of grid 
current. This can be attained. for example, by selection of a corresponding magni- 
tude of grid bias, introduction in the grid circuit of a corresponding campensating 
voltage, or application of first amplifier stages of tubes, working in an electro- 
metric regime (L, I. Bayda and A, A. Semenkovich [11). 

The action of grid current, instability of tube emission and oscillation of 
power suppliss can be considered the action of equivalent voltages of interferences, 
coupled in the grid circuit by the corresponding cascades. In the presence of nega~ 
tive feedback the effect of these disturbances on the output voltage will differ 
depending on the place of applicatian of the disturbance (A, A. Rizkin [1}). For 
proof of this proposition let us consider, as an example, an operational amplifier, 
consisting of three cascades (Fig. 36). Following the above method of determination 
of the transfer function of the operational amplifvior, we will write the equation 


of the miemtch indicator 


ise ks et. 036 
O= V7, Oo Eh oe Oe 
and the equation of the channel cf amplification of the error 
Coen =~ KK yey — KKK Se, + AK dey — Kyde,. (3.37) 


After substituting ¢, from equation (3.36) in equation (3.37) we will receive 


‘k Y, co (3.38) 
— KKK, Y+Y, KKK snd 
ME aes hy ee Rese oe 
+ gh te: de) —- he eee —— de. 
Bt ALKsAY y =e r, 1. AKA, 7 : e 
4 


With « very large resultant amplifi. ‘om factor, when ik AK yy | > i. 
‘ 2 
we will receir: 


: (3.39) 


¥, YA 1 1 
Cour = 7, Cay (1 +. 7) ae ae Kk Ae, +- KK, de, 
The second addend in this expression 
representa the error in output voltage, 
caused by the emf of the disturbance in 


the grid circuits of separate cascades. 





From this expression it follows that the 

- Fig. 36. Three-cascade operational 

applifier, effect of application of disturbance is 
less the further from input the disturbance is applied. In comnection with this 
with a large total amplification factor the voltage of the plate supply of the last 
cascade may be in generai not stabilised. At the same time the greatest influence 
is caused by disturbances applied in the first cascade, and therefore one should 
take all possidle steps to eliminate causes of appearance of the emf of interferences 
in the first cascades, 

Variations of parameters of elements of the amplifier circuit usually proceed 
very slowly even in the case, where the circuit is assembled from resistors, and 
therefore they can be considered during tuning of sero every time before bercinning 
the operation setting-up. 

In alectronic models setting of sero is conducted with the help of a milli- 


valtmeter, connected at the output, and eaximua absolute error does not exceed 
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+1 mv which, when ey.m: = 100 v, constitutes “%,., = 0.001%. This error is more 
substant‘9] during work of the operational amplifier as an integrator. Thus, for exam- 
i 


ple, with a transmission factor AC = 1 durirg the time t = 100 sec error will be 


bee, = OLN. 


Error in setting the tranamiseion ratios of the operational element is deter- 
mined depending upen the construction of the installation or by the maximum deflec- 
tions in values of resistance, or error in the given method of checking transmission 
ratios. During operation as an integrator the accuracy of setting of tranrniasion 
ratios depends also on the allowance for the capacitance of the capacitor. 

This analysis of primary systematic and random errors of a computing e! ement. 
allovs us to formate a number of conclusions, from which directly ensue design 
requirements for the amplifier. 

l. Greatest orror is caused by the finite value of the amplification factor 
and instability of tne sero level in the adder and, especially, the adder.-integrator 
regimes, 

2. In order to have emall error due to finiteness the amplification factor, 
one must select an amplification factor for the amplifier as large as possible (at 
least 50-75 thousand) and limit the transmission ratios, set on the computing 
element. 

3. It is necessary to turn special attention to decrease of leak between the 
input (grid) and output terminals of the computing element. Resistance of the insula- 
tion should be as great as possible. Here it is wery expedient to separate input 
(to the integrating point) and output circuits by a ground shield. This can reduce 
leaks which exist in the circuit of the operational amplifier and which shunt the 
capacitor during work as an integrator, to leaks between the integrating point 
and the ground and the output and ground. 


4. During selection of capacitors for the feedback circuit or input of the 


axplifier, one should use capacitors, possessing the largest leak resistance and 


~102- 





least dielectric after-effect. At present the most suitable for thie purpose sre 
polystyrene or styroflex capacitors. The rated capacitance of the capacitor can be 
sustained at present with error, not exceeding 0.1%. 

5, Use as accurate methods of setting <f trangaission ratios as possible (for 
example bridge methods), 

6. For stabilisation of the sero level it is necessary to provide meausres of 
compensation of drift in the first cascade and to feed the installation from stabi- 
lised power supplies. To decrease the quantity of grid currents it is desirable 
that the tube of the first cascade have a low u (that the distance from grid to 
cathode is as great as possible), low plate currer., low voltage between the plate 
and cathode, lowered value of filament voltage and a negative bias at ieast 1.4 v. 


-103- 





CHAPTER IV 
DIAGRAMS OF D-C OPERATIONAL AMPLIFIERS 


i. sic to Pre ed to rational ifiers 

Selection of .he diagram of the d-c amplifier in many respects ie determined 
by those voquirements which are presented to it as to the computer. These require- 
ments basically can be reduced to the following. 

The amplifier should be built by an saynmetric diagram with one commong pole. 
Tir simplifies setting-up the problem, since it allows one to connect the opera- 
tional amplifiers in the installation, ewitching only one pole (lead). 

The signal at the output of the operational amplifier should :-epeat the input 
signal in such a manner that with @ sero input signal there is a sero output signal 
and with a change of sign of the input signal the sign at the output would change 
accordingly. In the asymastric diagram of the amplifier this requires in the output 
cascade an additional source of constant voltage. The operational amplifier should 
consists of an odd number of cascades, changing sign, since with this it ensures 
the additicnal operation of multiplication of the input signal by — 1 and eimplicity 
of realisation of regative feedback. 

The total amplification factor of the amplifier is selected depending upon the 
required accuracy of work. For applicatiun in general purpose eimilating instal- 
lationa it should not be lower than 70,000. Thies value of the amplifiqation factor 
of amplifier ensures almost complete independence of work of the computing element 


from variation of parameters of the amplifier and low value of the output resistance 
which facilitates connection of computing elements among themselves and with oth: r 
equipment, and also, as analysis shows, small error (less than 1%) of work as an 
addor-integrator during summation of up to five components with a tranamission 
factor K = 2 for each component. 

In the diagras. of the amplifier there should also be provided measures of de- 
creasing sero drift. Zero drift constitutes the basic error of @ computing element 
made of d-c amplifiers ard thererore. during development of the amplifier, especially 
its first cascade, there should be -cnsiaered the requirement of obtaining ninimm 
drift. For operational amplifiers of slectronic godels of general application the 
voltage of drift at the cutput must not ax.*ed a magnitude of 1 -— 2 millirolt for 
10 minutes with 4 transmission factor of the comm .ng element equal to unity, and 
during work as an integrator with a transmission factor cf unity — must not exceed 
@ magnitude of 100 millimolts for 100 sec, 

Along with a high amplification factor the operationai amplifier should possess 
a sufficiently wide passband. Thus, for example, for * generul-purpose simulating 
installations it is desirable that, in the presence of negative feedback, a trans- 
miesion factor of one and output voltage 100 v, the amplifier has a gain-frequency 
response with a slump of 3 db, starting from a frequency ef 8 — 10 ke, The wider 
the passband of the amplifier, the greater possibilities the operational amplifier 
will possess, In particular, on d-c amplifiers with a wide passband there can be 
built simulating installations, working both in natural time scale (B. Ya. Kogan ‘1)), 
and with artificial repetitive operation (1. I. Gutenmakher [2}). The requirement 
of a high emplification factor and a wide passband are in contradiction with the 
requirement of stability of the amplifier in the coverage of its negative feedback. 
Therefore, in the amplifier diagram thers should be provided correcting circuits, en- 
suring such a character of the gain-phase response, with which the amplifier ia not 


eclf~excited in the various regimes, covered by negative feedback. Of large va'ue 


in thie respect is correct location of elements on the amplifier chassis, ensuring 














the shortest grid connections, and the least leak between various circuits. 

Decrease of leaks also has sseential meaning with respect to limitation o1 the 
amplitude of spurious alternating voltages at the output of the amplifier. For 
normal work of an amplifier as a computing element it is required that the amplitude 
of alternating voltage at the output does not exceed several millivolts. T- 
insulate input circuits from the output is most simple and reliable with the heip 
of correct shielding of wires and separate units of the circuit and grounding of the 
corresponding parts uf the amplifier. Here leakage between input and output cir- 
cults is redistributed on leakage between the integrating point and the ground and 
between the output and the ground, Such a method of combatting leaks has received 
the name "ground insulation." 

The amplifier during coverage by negative feedback should allow connect‘on of 
load with the input impedance of the order cf 1C kilohms and aleo ensure linear 
dependence of the output voltage on the input within + 100 v. 

The formulated requirements can be realized with the help of a three-cascade 
d-~c amplifier, assembled by asymmetric diagram. Diagrams of cperational amplifiers 
known from the literature have auch in common, Separate diagrams are distinguished 
by the given method of decreasing sero drift, the principle of construction of input. 
and output cascades, the types of tubes applied, ratings and number of stabilised 
power supplies. In certain cases for the purpose of increasing the total ampiifica- 
tion factor there is used introduction of local positive feedback. 

When operational amplifiers are used with a total transmission factor of one 
as, for example, for separation of circuite, for feeding lcops of ths cacillograpn 
or for coupling the integrator with other equipment), it is poesible to select a 
toval amplification factor without feedback of the order of 2500 to 5000, which 
significantly simplifies the diagras. 

By method of eliminating sero drift it is possible to divide all diagrams of 


decisive amplifiers into two groupe: with parametric compensation of sero drift and 


automatic control of the sero level. To decrease sero drift, caused by inatability 
of power supplies, they usually realize plate supply frox electronic stabilizers, 


ensuring accuracy of maintenance of the constancy of voltage of the order of 0,1 tc 


0.018. 


2, Diagrams with Parametric Compensation of Zero Drift. 


Operational amplifiers with parametric compensation of sero drift aro made in 
two modifications. In one of them in the first cascade an auxiliary cathods follower 
is used, and in another the first cascade is built by a diagram with a series coupled 


triode. A typical diagram of an operational amplifier with compensation of drift by 


a cathode fcllower is in Fig. 37. The amplifier consists of three cascadas, The 
first cascade is assembled with a double triode of type 6N9, The left part of the 
tube is used as the amplifvinge part, the right is connected in the circuit of the 


cathode follower and serves for compensation of zero drift, caused by change of fiia- 


ment voltage and osciliations of the emission current, 
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Fig. 37. Jiagram of an operational amplifier 
with compensation of drift by a cathode follower. 
KEY: (a) Input; (b) Output. 

During change of filament voltage or emission current simultaneously changes 
the current of the right triode. Voltage drop, which here is singled out on re- 
sistance Xn has a stabilising effect ca the current of the left triode. 

Depending upon tne poaition of the cursor on resistance R. the coefficient 


of negative feedback of tne right cascade -'*nged, and consequently, the magnitude 


Tie it a very gperaral condition for ad‘ustment of «a diagram of cathode stabi - 
Lazation, 'f£ «ne wera to aseime that the right end left triodee possess identical 


characteristics cf incadescence and identical internal resiatances R 


= R then 
i, 42’ 


we arrive at a more sinple relationsnip 
1- (S,- St) R,- G. 


Magnitude R, usually is selected from calculation of permissible lowerine of 
the amplification factor of the first cascade, and the resulting condition is satis- 


fied by selection of the proper position of curser of the divider — magnitude 2 : 


RS) 


> Ky " 


These expressions show that performance of the considered circuit depends on 
identity and stability of characteristics of both triodes. When 5) = °5 we arrive 
at the expression ‘nown from literature (see, for instance, Ll. I. Bayda and A. A. 
Semenkovich [11], A. M. 3onch-Rruyevich [1]): 

Rokccae 2, (4.2) 
35 

It 4s necessary to note that specifics of the work of an operational amplifier, 
consisting of the fact that input signal -, is minute, facilitates compensation of 
drift by the considered diagram, since current Ta) changes in very narrow limite, 
and consequently, ‘ can be considered a practically constant magnitude. 

In Fig. 39 is presented an experimentally received dependence of the change of 
output voltage of an amplifier on change of the current of incandescence, “rom 
the figure it follows that cathode stabilization acts not quite symmetrically. If 
characteristics of cathodes of both halves of tubes strongly differ, it can be that 
one cannot satisfy conditions of cathode stabilization it is reccamended to subject 
the cathode of the first tubs to aging. 


The second cascade of the amplifier is maae of a pentode of type 6Zh8. Coupling 


So 


vetween cascades is carried out with the help of a bridgs circuit (Fig. 40), formed 


by two stabilized power supplies Py and ». and resistances kh, Ky, and Ke for the 


2 1 


second tube and K,, and Ry and R, for the third (Fig. 37). 


8 
(8) ate Resistance K, and R, one can deter- 
mine from known (L. I. Rayda and A, A, 


Semenkovich [1]) expressions: 


9 ra (4.3) 
CO) eee R,- R, va! Fey 
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Fig. 39. Influence of Bide” 
change of filament voitage R, ee 
or change of output vol- E,—E,{1 + k, ) (4.4) 


tage. 
KEY: (a) Change in out- 
put voltage, mv; (b) 4 
load voltage, %, 
if we know value of R,, Ro and 5 and 
there is given magnitude yo 
Reaistance R, is usually executed consisting of two parts: one unregulated 
and other adjustable. The adjustabie part serves for setting che sero of the ampli- 
fier and should -e sufficient in magnitude for compensation of variation of parameters 
of elements of the circuit (in connection with spread within allowance), and also 
to consider the possible range of spread of characteristics of the tubes. 
The third cascaue usually is con- 
structed on a powerful beam tetrode (6P-2, 
6P-3). Obtaining of output voltage of 


both polarities is attained by connection 





in this cascade of a source of voltage of 
Fig. 40. Diagram of inter- 
stage coupling. -—- 19 v. The diagram of the third cas- 


cade is presented in Pig. 4l. 





*fty — resistance of tube to direct current. 


In the apesnce of load, output voitage can be found from the relationships: 


‘ {! LR / Cy + ca 
Ou e7 ea - kK, £ k, 
Kence 
1 : : ; 
Cowe = k, Rk {¢ ah, UR, (4 5) 


» 


With an input voltage, equal to zero, the operating point is selected in such a man- 
ner thet ¢,,. | 
This will take place when 


po. 4 Vo (4.6) 


Limits of change vf output voltage can be found, if one considers two limit 


cases: the tube is completely locked and completely unlocked. In the firet case 
Roe 


e 


and, consequently, 


U4 300 vy, 


Come 


In the second case from characteristics of the output tube for given load R. 


and Uwe find #. Ws 
a : 4, 
. For tube 6P3 when U. = 300 v, 
“ae - l 
: ee R, = 10 kilohm, U5 = 25 Vv, 
w TTY ig 7 40 ma and 
25 - 
sau R, Sai €2>chn. 
(300 92> 190) JOO, =z | Peay 
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During connection of external load 
Fig. 41. DViagram of 
output cascade, limits of linearity accordingly narrow. 
KEY: (a) Cutput. 

We will estimate the influence of 


load for the general case, when to the cutput is connected, besides ohmic resistance, 


a.so @ source of emf with a given internal resistance. This takes place in a number 
of cases, when to the output of the ope~ational amplifier is comnected the cir- 

cuit of a diode functional converter. Equivalent schemes of the out; tt cascade 

for the two limit cases, when the output tube is completely locked or completely 
unlocked, are shown in Fig. 42. 


In the first case we obtain 


R 
_ Oe, be ie ; (4.7) 
Our ~ R 7 k, . 
Ry Ren 
in the second case 
R, : R, 
Cour ee ky oar ed (4.8) 
ee Re Rs Ka 
4 k, + R., + R, 


Analysis of these expressions shows that introduction of load in the fora of a 
source of emf leads tc increase of tne asymmetry of limit values of ‘am The 
limtt of positive vaiuesa increases wilh positive E and decreases with negative. The 
Limit of negative values of ¢,... vices versa, decreases with positive value of E 
and increases with negative. 

The considered diagram of the output cascade extremely uneconamically expends 
the pewer of the power supplies. 

Indeed, when the power consumed by the load is equal to sero, from power sup- 


plies there is put in half the maximum value of the power: 


’ @ @ 
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During work at load R, it is possible to estimate the ecomomy of one or ancther 
diagram of the output -ascade, introducing the concept of average efficiency 


Prous ep 
peas et, (4.9) 


Meorp cp 


is the average value of power, fed to the load, and 
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is the average power, consumed by the output cascade from hign-voltage sources. 
Since 
Pusvs = WU, a= HU, 
Ula, ana Z U ] I 
= ~~ Re I= (Saye ~ twa (3: tah 
for the given case we will receive 
2 
= ge “our ea " (4.10) 
3 Re Ve (UVa,4 Ue) 
when RJ = R, = 10 kilohms Us, = 300 v, Us, =190 vand ¢..m: “lO Vv, Ye 2.278. 


ee 


Significant advantages from the view- 
point of economy of power consumption of 
. power supplies are presented by the dis- 


grem of an output cascade shown in Fig. 43 





Pig. 42, 
grams of the output cas- 
cade for two limit cases. 


Equivalent dia- 


a) (V. V. Gurov, B, Ya. Kogan, A. D. Talantsev, 


Vv. A. Trapesnikov {[1]). In this diagram 
resis*or Ry is replaced by electron tube 
1,- Selecting initial biases on tubes 
1, and 11,, it is possible to attain a 

state where at a sero input signal we 


receive equal currents through -7, and -7, 





and, consequently, zerc load voltage. The wagnitude of initia. current can be here 
selected sufficientiy low, ‘Co that with chanje of the {nout signal ic4 circuit works 
correctly, it is necessary tc ensure change cf grid potentials of tubes ./ and |’, 
in ant‘-phase. This is attained by connection of the grid of tube -7, to the second 
cascade not directly, and through an additional inverting cascade (Fig. lle) o As 
compared with the above diagram of the amplifier here there is required a superflaous 
half envelope, However, if one were to put two amplifiers together on <sm° chassis, 
then tne total number of envelopes remains approximately the same as for the usual 


amplifier (3.5 per amplifier). 


Since for tne considered circuit 


e 


eure U aut 
Pou ao Ro and Paorp ‘ a “* 


then the average efficiency of the output 


cascade for a sero value of the re-‘ing 





current will be 

Fig. 43. Economic ontmnt. 

cascade, - is the output a= pete 5. : mae (4.12) 
veltage of the second cas~ morp cp *, 

cade, «, ~ bias voltage. 


KEY: {a) Tube. 





Fig. 44. Diagram of amplifier with economic output cascade. 





Modification of the considered dias -am, not requiring an additional inverting 
cascade, is shown in Fig. 59. 





Wren) Paws wat iG v and Ue = JOO v, ° $ 208. 


l 

Reside « -igher efficiency, euch an output cascade also possesses that ad- 
vantage that it allows us to lower approximately 4 times the power of sources of 
plate eupply. 


Capacitors C.» C, and a in the amplifier circuit, depicted in Pig. 37, serve 


3 
for correction of the gain-phase response for the purpose of eliminating ths pos- 
sibility of self~excitation of the amplifier, With careful fulfillment of such am- 
plifiers and feeding from stebilised scurces with accuracy of maintenance cf con- 
atancy of voltage of the order of + 0.05% we can reduce sero drift to 1 to 2 milli- 
volts (voltage of drift is brought to input). 

As example of a circuit with compensation of sero drift by a series couples 
triode let us consider the diagram of an operational amplifier C. A. Meneley and 
C. D, Morrill] [1}](, presented in Fig. 45. The operational eaplifier here is made 


of four cascades. 





Fig. 45. Cpereational amplifier with use of a 
series-balancing input cascade. 


The first cascade is eseembled by a series-dalancing circuit, the second cas- 
cade — by in @ pareliel-talancing circuit, the third — by a "subtrector” circuit 


and the fourth — ty a circuit, enalogous to the eircuit of the output cascade, 


*amplifiers of this type (UPT-4 and UPT-12) enter into a muaber of electronic 
analog installations, See I. M. Vittenberg ‘1}. 
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of the abowe considered ‘Fig. <7) amplifier, “he upper tune of the sarieas-omiancing 
cascade it ts possible to cunsi~er as @ plate load with squivaient reainmtarce 
" Re Rosie Chad? 


where Ry is the internal resistance of tube, 2. -— the resistance, connacted in 
2 ? 
the cathode circuit, . -— the amplification factor. Here the amplification factor 


¢ 


of the cascade K = a can be found from consideration of the equivalent dia- 


fe 


gram when R, = Ry and Rh. =R.: 
1 2 “) “2 


A, 


With application of tube 6N8 one can obtain Ky 37 10, 

If the characteristic of both tubes are identical, then with a constant input 
voltage increase of filament voltage evokes identical increase of current in the 
upper and lower tubes, and consequently, identical change of grid voltage. Therefore, 
the fixed distribution of voltage on the tubes wili not change. The circuit of the 
first cascade can be considered a bridge. two arms of which are formed by tubes -/.. 
and -7;, and two other — dy resistances Rio: Ry and K,». In connection with the 
fact that during change of incandescence resistances of tubes -7, and ./. change 
the same magnitude, the voltage, removed from the diagonal, remains here constant, 
Likewise this voltage will not change during change of the magnitude of feeding 
voltage. 

If charecteristics of both halves of the tubes somewhat differ in incadescence, 
then it is porsible to bring them together by means of change of resistance Ry in cir- 
cuits of the cathode of the upper tube, Changes of input voi age on tube 7. are 
minute due to the presence of negative feedback and a large amplification factor of 
the ampiifier. Therefore, the bridge is practically always in balanced state. 


The second cascade of the amplifier is made according to the circuit of an asyn- 


metric parallel-balancing cascade. In the absence of a signal both grids are under 





iden.ical potantiaia with respect to the grounc. if characterietic of the tuvea and 


Load resistances +, and Ry are identica’, **~ ate ccrrente in the tudes will oe 
equal and the output voltage, obtained as the difference of ptentials between 

points a — t and 6 — d, wiil equal sero. Change of potentia. of the grid cf the 
left half of the tube leads to a change of plate current of this half of the tube, 


and consequently, to change of the voltage drop in resistance # This ewokes change 


9° 
of plate current of the right half of the tube, opposite in sign to the change of 
plate current of the left half of the tube. As a result between points a — < and 

e — d there appears a difference of potentials, whose sign depends om the polarity 
of the signai aprlied tc tne grid of the left half of the tube, Potentials at peints 
a — b will chanze symmetrically only in the case cf large vaiues cf resistance %\. 


The amplification factor of the cascade can be found from calculation of the 


equivalunt circuit. When the tubes have identicai characteristics and parameters: 


R., ; R.(R, + AY) Ry(R, > R,) Ray R. (4K) 
Kye Rye R., Rye kirk, Ree Bs Ryr Ry 


the axpression for the amplification factor can be obtaired in the fora 


on oe (us) 


oa - K, % w,, Kw, + Moe 


Thus, the amplification factor of this cascade in calculated {just as for the 
triode, With application of tube 6N9 we can obtain K. = .5. 

The third cascade, besides amplifying, should provide reverse transition to the 
asymmetric circuit. It ‘se made by t..e know diagram (A. A, Sokolow [1], (21) of « 
differential amplifier, called a "subtractor” circuit. Output voltage of the cas- 
cede, taken from resistance R>) onto the grid of the fourth cascade, should be the 
amplified difference of potentials e5-¢4- 
The amplification factor of cascade %3 can be approximately found from the 


expression 


Here 


R = Ri l(Ry + R,,) 
Rit Rie t+ Ry 
The total amplification factor of the cascade, obtained with use of the tube 


6N9, constitutes 


The fourth cascade, made of a beam tetrode, is built similarly to the output 
cascade of the operational amplifier considered earlier, Dring use of tube 6P3 and 


Roo = 10 kilohms we can obtain 


K,= 17. 


Thus, the total amplification factor of the amplifier constitutes 


K, = K,-K,-K,- Ky 10-25-19 - 17 = 80000. 


With well-selected tubes, according to the data of C. A. Meneley and C. D. Morrill 
fll, the sero drift brought to the input is less than 200 microvolt hour: noises 
on the output do not exczved 0.3 millivolis. 

The frequency characteristic does not introduce phase and frequency distor- 
tions in signals up to 1000 cycles (with a transmission factor of 10).” 

3. Diagrams of Operational Amplifiers with 
Automatic Stabilization of Zero Level 

Operational amplifiere with automatic stabilisation of sero level are based 

on the known property of systems with negative feedback to decrease the effect of 


external disturbances, influencing elements covered by feedback. Indead, from 





*The authors do not indicate the magnitude of the amplitude of the input signal. 
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axpression (3.39) it follows that the output magnitude consists ao if of two compo- 
nents: one, determined by the input magnitude and the given law of ita conversion, 
and the other, error caused by disturbances to the system. The nearer to the input 
of the system the disturbance is applied, the greeter the error it will cause in 
the output. Decrease of effect of application of the disturbance ‘ie directly pro- 
portional to the amplificatior factor of the section from input to the place of 
application of the disturbance, 

Considering sero drift ag a certain 


CF 
| equivalent disturbance, brough: to the 








é, 
input of the operational amplifier, it is 
Cas 
2 | possible to show that the connection between 
Fig. 46. Skelet~n diagran of the integrating point and the main d-c 
an operationa! amp ifier with 
series coupling of an auxil'ary amplifier (Fig. 46) of an sdditional ampli- 
amplifier, i -~ audiiary an- 
plifier, not possesaing sero fier, to which in principle there is not 
drift, 2 —- main dc amplifier. 
inherent sero drift, should lead to de- 
r —H crease of the drift voltage by K; tines, 
ty 
z, eam ae 4 
At A : where Ky is the amplification factor of 
ee = nee 25 the additional amplifier, 
1 a i The additional amplifier can be built 
= Fig. 47. Skeleton diagram of on the principle of modulation of input 
an operational amplifier with 
parallel connection of the voltege, subsequent amplification by an 
auxiliary amplifier, K. ~~ 
auxiliary amplifier, K,'— the a-c amplifier and demodulation. It is 


main d-c amplifier, 
most rational here as modulator and demod- 


ulator to use an electromechanical eibrator, since all electronic circuits and cir- 
cuits with the application of drydise rectifiers possess significant sero drift. 
However, series coupling of an additional amplifier by the diagram of Pig. 46 turns 
out to be not too rational, since sismltaneously with decrease of sero drift it 


leade to sharp narrowing of the passband of the amplifier due to the equation of 
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neceasity of operating at a comparatively low carrier frequency, determined by ths 
possibilities of electromechanical vibrators. More rational ia the circuit diagram 
of the additional amplifier, shown in Fig. 47. In considering thie diagram one 
should keap in mind the circumstance that the disturbance, squivalent to sero drift, 
changes comparatively slowly and by force cf this ° Marrow pasiband .. une addition- 
al amplifier is not an obstacle to limitation of zero drift. Indeed, at low fre- 
quencies of the input signal it is possible to disregard paraiiel coupling for by 
signal ¢. and, thus, the circuit is equivalent to that brough in Fig. 46. At 
Signal frequencies, lying beyond the limits of the passband of the additional ampli- 
fier, it is as if the circuit formed by thie lifier is opened, and there is ac- 
complished transition to the ordinary circuit, This eliminates the deficiency of the 
circuit of Fig. 46 and prowides the possibility of work cf the operational amplifier 
in a comparatively wide range of input signal frequen-ies. 

We will derive the relationship between the output voltage of such an operation- 
el amplifier and input” for a given conductance of the input circuit and feedback 
circuit. Following the metnod, stated above, we vill receive 


the equation of the mismatch indicator 


« a ty (p) On + LAP) 2yues (4.16) 


where, as before, 


Yui (py 
(p) = 5 -—-—-- NT Le 
fulP Yu (0) + 208) + NCP) 


is the transfer function of the input circuit, a 
FHV 5 ohn, 
LP = Fray FV (ED 


is the transfer furction of the feedback circuit; 





“For simplification of computations we consider that to the inpuc thers is fed 
only one variable. 


the main channel of the system 


- Kf (pit! y Kf, (phe, en ie (4,17) 


Cous — 


where Ky is the static amplification factor of the main d-c amplifier, f(p) is its 
tranafer function, K, <= the static amplification factor of the additional d-c am- 
plifier, f,(p) — its transfer function. 
Solving equations (4.16) and (4.17) for ¢,,. we will receive 
- KoA (PLEAS MMe (4.18) 
four =~ LP) Ky py EAA ACPD * 


Kof (Phe 
+ THK Spl t+ ONL | 





If the amplification factor KS is selected so large that for tie operating 
range of frequencies in the denominator of expression (4.18) it is possible to dis- 
regard unity as compared with the modulo 


Kf (Pil + Kf, i poi fo (pr. 


then equation (4.18), taking into account expression for transfer functions fy 
and a can be presented in the forn 


i iL e 
ews = — yen, —____ tite) fe ee 
+ Ki CP x Cp) t+ y+ Ve (PYF Ya CP) 


From the resulting expression it follows that error, introduced by sero drift, for 
such an operational amplifier will be (1 + Kf, (p)] times less as compared with an 
operational amplifier, not supplied with an additional amplifier (K, = 0). 
Furthermore, at low frequencies the total amplification factor of the main 
channel sharply increases. 
Indeed, 
Kaa == Mt a= (1+ K,) Ky 


when K) > 1 


K en = AK. 





If 1, = 1000, and Xo = 50,000, we obtain Kumw = 50-10, The great total amplifica- 
tion factor of the main channel leads to decrease of error (especially during work 
of the ofsrational amplifier as an adder), caused by the limited value of the am- 
plification factor. 

One typical diagram (t. A. Goldberg [1]) of such an operational amplifiers is 
shown in Fig. 48," 

As can be seen from the f‘gure, as the main amplifier there is used a somewhat 
modified d-c amplifier, shown earlier in Fig. 37. In this amplifier the diagram 
of the first cascade was subjected to a small change and there were introduced other 
correcting circuits (C), + C2, Ro C,, Ry) C3» Ryo). 

The input of the additional amplifier is connected to the integrating point <= 


through filter (Ky Ry 3» Ces Cos hy) and connecting capacitance C_, and the out- 


” 
put after demodulation (right half of the vibrator) is connected through smoothing 
filter Clos Ro3 to the grid of the cathode follower of the first cascade, utilised 

in the given circuit as the adder. The filter at the input of the éuciliary am- 
plifier serves to prevent penetration into the amplifier of alternating current of 
higher harmonics of voltage «. , multiples of the commutation frequency of the vibra- 
tor, and the filter at the output — for smoothing of the pulsating voltage, re- 
ceived after half wave rectification by the vibrator. The comparatively low 
commitation frequenc; (from 50 to 400 c) and parameters of smoothing filter limit 

the passband of the auxiliary amplifier by approximately a frequency of 5 c. To 

avoid selir-excitation of the a-c amplifier and decrease of inductions there is re- 
quired thorough the shielding of the vibrator leads feeding its contacts, and also 
such adjustment of the span of contacts and amplitude of vibration of the armature, 


with which is ensured work with "coverage" of contacts. 
During work as a scale amplifier with a tranemission factor K = 1 (Z, = Z2 = R) 





*amplifiers UPT-10 made on a similar diagram, enter into the composition of 
electronic analog MPT-y. : 





such an operational amplifier according to source material (E. A. Goldberg [1}) 
has a passband up to a 100 kc. Zero drift brough to the input here does not exceed 
50 microvolts. 





Fig. 48. Fundamental circuit of an operational asmpli- 
fier with automatic control of sero level. 
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*Editor's note: wrom @ Mohm; kom @ Kohm; mf = pf; wKp@uf, 
In projecting the auxiliary amplifier one should consider the necessity of 
providing negative feedback for low frequency signals. Therefore,in the presence of 


the auxiliary amplifier it is necessary to be sure that this ineq ality is observed 


KK, <0. 


Since Ky <0, then, consequently, K should be greater than sero. The sign of the 
amplification factor of the awciliary amplifier, es foilows from analysie of the 
diagram of Fig. 48, is determined by three fe tors: the mummber of cascades of the 
a-c amplifier, which change sign, the method of comnection of the vibrator and the 
character of sumaation of signals by the main amplifier. 

NWamber of amplifier stages can be even or odd. With an odd number of esecades 
soit ice Wel Cagerat they apiiadi naaid Gevetes Weuus end Gabedeels! voltage after 
the demodulator has a reverse sign. 
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Depending upon the conatruction and circuit diagram of the vibrator it is pos- 
sible to carry ovt ccamutation of input circuits (modulation) and output circuits 
(demodulation) in the same a-c half period (commutation in phase) or with shift by 

; one half period (cawnutacion in anti-phase). In the first case the sign of output 

i voltage does not change, in the second case — it changes to the reverse. Finally, 

| summation can be carried out in cathode or plate circuits of the first cascade of 
Lhe main amplifier, Luring summation in tne cathoda there is carried cut siamation 
of s.gnals of main and auxiitary amplifiers with opposite signs; during summation 
in plate circuits — with the same signs. 

In the considered diagram of Fig. 46 is used an sven number of amplifier stages, 
commutation in anti-phase and summation in the cathode circuit which ensures an 
even number of changes of sign in the M-Di amplifier (modulation —- demodulation) 
and, consequently, Ky > 0. 

It is possible to carry out other variants of circuits (A. D. Taiantsev [17), 
in which the total amplifica ion factor of the auxiliary amplifier remains larger 
than sero. For example, it is possible to make an a-c amplifier with an odd number 
of cascades, connect the vibrator to the circuit of anti-phase commtation, and to 
carry out summation in the plate circuits of the firrt cascade of the main amplifier 
or with an odd number of cascades of the a-c amplifier carry out commitation in phase 
and summation in the cathode circuit. 

With an even number of cascades it is possible to have also a variant with 
commutation in phase and summation in the plate circuits of the first cascade of 
the main emplifier. This variant is not of practical interest. 

In Fig. 49a and b are brought fundamental circuits, showing how new variants 
of circuite are realised. 

Use of an odd number of cascades removes the inclination of an a-c amplifier 
(with an ewen muaber of cascades) to self-excitation due to spurious coupling be- 


tween input and output and, there'vy, allows one to facilitate work of the vibrator, 


Pea 
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since the necessity of adjustment with "covering" of cor‘.:':2 drops and large enm- 
plitudes of oscillation of the armature connected with 1%. During summation of 
signals in the plate of the first cascade of the main amplifier it is possible to 
use a vibrator of ordinary construction with commtation in anti-phase. Sunmation 
in the cathode circuit requires application either of two vibrators, or one special 
one with a split insolated armature and two pairs of contacts (Fig. 50). The dia- 
gram of at. spcrational amplifier with such a vibrator is show in Fig. 51." As 
vibrator in the circuits of Figs. 48 and 49 there can be used both special electro- 


magnetic interrupters and ordinary polarised relays. 
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Fig. 49. Variants of cireuits of operational 
amplifiers with automatic control of sero level. 
1 — main d-c amplifiers, 2 -— auxiliary ampli- 
fiers. 


Applieation of electromagnetic inter- 
rupters has the advantege that they give a 
doubled or quadrupled commtation fre- 
quency of the current feeding their winding, 
(Pig. 49a and Fig. 49> accordingly) and 
theyeby decrease interferences with the 
frequency of the network. At the same tine 
Pig. 530. Miectromag- electromagnetic interrupters require sore 
netic interrupter, 

thoreugh shielding of the contact aysten 








*It ie applied in the analog installation of the Academy of Scienees of the 
USSR, type EMU-4. 


—-125 - 


from the coil and its lead wires, since currents, which it must. pasa for creation of 
electromagnetic forces on the armature, generate a noticea le field of scattering. 
Polarized relays in this respect have the advantage that the magnitude of vari- 
: able magnetic flux in their magnetic system is significantly less. Comparison 
of slectromagnetic vibrators and polarised relays shows that the level of inter- 
ferences in the M—DM are approximately identical, if in both cases we use for 
feeding of coils source of non-standard frequency (for example, 120 ¢ for the relay:), 
The fundamental circuit of an operational amplifier with polarized relays as the 


vibrator of the M-DM amplifier and economic output cascade is shown in Fig. so. 





Fig. 51. Diagram of operational amplifier with electromag- 
netic interrupter (Fig. 50). 
KEY: {a) Input; (b) Output 
An electromagnetic vibrator without adjustment of contacts for "covering" can 
also be used in the circuit of Fig. 48, but on the condition of thorough shielding 
of contacts and the armature so that leak between input and output of the a-c anm- 


plifier is reduced to leaks between the input and the ground and between the output 
and the ground, (N. N. Lenov (1)). 
*8y this diagram were made the operational amplifiers of electronic analog EMY-‘ 


of the Academy of Sciences of the USSR (see V. V. Gurov, B. Ya. Kogan, A. 0. 
Talantsev, V. A. Trapeanikow [1)). 


I garter 


This method of combatting leakage between the input and output of the a-c aapli- 
fier is useful to use also in circuits with an odd number of cascades for rexoral 
of spurious negative feedback, lowering in this cass the asplification factor K 
of the a-c amplifier, 

Connection of 1000 pf capacitors between the fixed contacts of the vibrator 
(relay) and the common point also helps to remove the above-indicated spurious coup- 
lings. 

The amplification factor of the awciliary amplifier at sero frequency it is 
possible to present in the form 

K, =k, -h-ky. hk, (4.20) 
where k, is the transmission factor o. the modulator taking into account the input 
filter, K — the natural amplification factor of the a-c amplifier at the carrier 
frequency, *%,, — the transmission factor of phasing circuit at the a-c amplifier 
output, 4,, — the tranemisaion factor of the demodulator taking into account the 


output filter, 





Fig. 52, Fundamental circuit of operational aa- 
plifier with a polarised relay as vibrator of the 
M-DM amplifier and economic output cascade. 
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KEY: (a) Modulator-demedulater voltage. 
eEditor's note: mrom = MQ; Kom= kQ; TH ~ wali anep mf. 
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Analysis of the work of the modulator together with the input filter shows that 
the form of voltage on the grid of the input cascade of the a-c amplifier in a 
steady-state regime will have the form, shown in Fig. 53. 
Ordinate of pulser one can determine from the obvious relationshipr: qi 
U,m Ue, (4.21) 
Uy= Ue %, 


U,,=(4— Un ae 
Uz, = (¢,— U,) tak ° 


where + is the period of work of the vibrator, T, = co(R, + R3) — the time constant 
of the circuit with opened contact of the vibrator, T> = RC, — the time constant 
of the circuit with closed contact of the vibrator. The remaining designations 


are shown in Fig. 53. Solution of the system of equations (4.21) gives: 


—— (4.22) 
v1 
U,= a £ 1 7 e 
eilh'h)_, 
Tr 
U,= e. a iano ees e wh, 
enh) y 
“Toy as R. 
U,=e ~ e +? 
‘ rneh_, Rath 
a R, 
U,.= 66-37) OB Be’ 
ein ny 


Usually parameters of the input cireuit are selected in such a way that: 


R,=05Rk, Testy, T= 7, fff 


Here for approximation of the transmission factor of tho modulator it is possible 
to consider that at the amplifier input there will be formed a pulse of rectilinear 


form, whose amplitude is 0.4¢; * 


More accurate derivation of relationships for calculation of transfer function of 
input circuit of M-DM amplifier see D. E. Polonnikov, In elements of electronic 
amplifiers of autocompensators. Cand, dissertation, IAT Academy of Sciences of the 
USSR (1956); I. C. Hutcheon, A. M. I. Mech E., Properties of some D. C. — A. C. 
Chopper circuits. Proc. TEE, N 6, Sept, 1954). 
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Fig. 53. Form of the voltage curve &t 
the a-c amplifier input; a — contact 
P is open, > — contact P is closed. 


Thus, the initial tranemission factor of the modulator k,™ 0.4. The trans- 
mission factor of the output phasing circuit (Ry g&,) (Pig. 52) at the frequency of 


modulation », will be 


ao. i (4.23) 
ee , (Roo gee! : \ . 


where 


R, RAR DR? 


Eve ee bk 


The walue of 2&,C, 1s chosen from the condition 
RC ye, : tan 3. 


where ; is the angle of phase shift, introduced by the a-e amplifier at the fre- 
quency of commutation «,: .-/ 

The more the phaee of output voltage is shifted by the amplifier, the greater 
sheild be the time constant in the output correcting cireuit and the rreater the 
lowering of the tranamission factor. 

When &,C, 2° 0.004 oc and oo, -2-f- 240: 


ay. = 0.316 


Transmission fa-tor of demodulator it is possible to conxider equal to one, 
Thue, &, I 
For effective lowering of sero drift it is eufficient to rave a total transmis- 


sion factor of M-DM amplifier of order of K, = 1000, It is obvious thet 


RE aes Salsas ai = S800 
Ry Roby O41 Os TO 


In reality the required amp) ificatia. factor os the a-e amplifier ~..ould b: 
higher (15,900 to 20,090), Tris is possible tc explain by the fact tnat in output 
signal cf modu) ‘or, besidcs voltage with carrier frequency, there aro nigher har- 
monics, for which transmission factor of phasing contour and amplification of 
amplifier is significantly below described values. 

Use of auxiliary amplifier does not completely remove zero drift. Residual 
drift is caused vy change of contact petentials on vibrator, induction from excita- 
tion cireuw:+ of vibrator and grid currents of first cascade of d-c amplifier. Drift 
can als. &ppear due to unsuccessful selection of point of grounding of common 
lead -f amplifiers, thanks to which currents, flowing through the coumon lead, craate 
a ditional signal at input of amplifier in the form of voltage drop in this lead, 
Therefore, all leads to the common te » have tc be connected to it in one place 
and here be reliably grounded with small transitional resistance of grounding. 

As analysis of errors shows (see Chapter III), presence of grid current of 
first cascade causes error in output voltage, determined by expression 


3 = > Ig 2% (42h) 


For series receiving-amplifying tubea grid current is of the order io” a and, 
therefore, error “¢...: already at 4... = 100 sec can become very perceptiole. 
‘Therefore, question of lowering or removal of influence of grid currents ia very 
urgent aleo for amplifiers with automatic stabilisation of zero level. Decrease of 


grid current can be attained, for example, by introduction of corresponding 


= 130 - 


compensating voltege in grid circuit of first caecade of main amplifier, dy selection 
of tubes with small grid current for work in this cascade, use of special circuits 
for coneturction of first cascade, ensuring decrease of grid currents (Zor example, 
cireuit of cathode follower with lowsred tension of plate supply (G. Korn and T, 
Korn [1}), and aleo introduction of connection of grid of first cascade of main am- 
plifier with integrating point through capacitor (see RC circuit, delineated by 
dotted line in Fig. 49a). In last case appears danger of accumulation of charges 
on thia capacitor in period of overloading of emplifier and slow return of it toa 
normal regime, 

cero drift, caused by presence of grid currents, it is possible also to lower 
considerably, if one were tc use additional feedback circuit for low frequency 
channel (H. Hamer [1}). By this component of drift woltage due to grid currente of 
first cascade of main amplifier is removed from input of the M-DM amplifier. Indeed, 
if one were to use designations from Fig. 54, then for considered case there can be 


found comnection bet~een output and input voltages taking into account. grid current 


in the form: 
a (4.25) 
Couns = — Kole, + K,e:), 
Sa nde i = RCp 7,R 
= laRep ET Se REPT” Rep FT (4-26) 
oe - _ RCP 
a= fx RCp pt + Cou “REp GT a 
(4.27) 
Solving equations (4.25), (4.26), (4.27) for ¢,,. we receive 
: fr Z I, (4.28) 
€ = aoe ee em ee eee ee So ghee 
own ~RCp +1 ~ + ROp-1 aie 
Ktitky * RCp ~ Rk, - ¢ Cp(i+ Aj) 


For very large K, equation (4.28) reduces to 


. 3. le 
eas = — REG FT CHER em 


t 
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en. a 


From equation (4.29) it follows that separation of channels of low and high frequency 
with the help of additional feedback circuit gives decrease of error dua to grid 
currents by (i + K) times, Here is required doubled quantity of styroflex capaci- 


tors and accurate trimming of time constant of both feedback circuits. 





Fig. 54. Diagram of integrating opera- 
tional amplifier. 


be ders with Parallel ication Channels.” 

The principle of action of amplifiers with parallel amplification channels 
is that channels of amplification are divided into two: high-frequency and low- 
frequency (assembled by M-MD circuit) — with subsequent summation in broad-band 


amplifier with relatively low amplification factor (see Fig. 55). 





Fig. 55. Skeleton diagram of T-shaped 
operational azplifier. 


*Idea of el chamels of cation in reference to amplifiers of self- 
recording insturments was expressed 1952 in work of Buckerfield [1]. Apparently. 
a cae to operational amplifiers this ides was not used due to a n r of 

c es. 
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The passband of separate chantiels is selected in such a way that during joining 
there does not occur essential troughs in the gain-frequency response and there is 
ensured stability during closing of feedback both at high, and low frequencies. 

The high-frequency channel, as a rule, is executed by the diagram of the a-c 
amplifier which lowers requirement on stability of sources of supply. Absence 
of resistance coupling with the integrating point almost completely removes in- 
fluence of grid currents. 

Assuming for simplification that amlifiers ~ 


1 
tialess, we obtain expression of transfer function of parallel channels in the 


and amplifiers M-DM are iner- 


forn 
aT TT pak Tpit ky aap: away 
Pips. 2 tS ME EM co 
WAND PPT ECT Te oT ial spt ATi Te Dp (4.30) 


where T) = RC), Ta = RCo, T3 = RAC, ; k) — amplification factor of amplifier Yy» 


kuay o> amplification factor of d-c M-DM amplifier, 
* 


on ee ee 





Fig. 56. Gain-phase responses of amplifying chan- 
nel: W( /- ) — complex amplification factor of 
parallel channels, k — static amplification fac- 
tor of circuit of parallel channels, 

KEY: (a) Cycles. 


Frequency respense is found, as we know, from (4.30) by replacement p = jw 
in the form 


Wit jws = (fs aor bY pei gal RT (4.31) 
U-test TT elie Ge 1 FT, Ay 
Consequently, when ate POW Cfo rky 1M: and when moO u (jw) -» ky 


We will estimate character of change of phase response 


gaan tans, - arctan ¢). 


where 
w (Thy aww 4,7,7,7 ay 
tan 7, = —, —, 
iS) byway TT 
o(7 +7, -7,--7,7,T. 4 
tan ;, : : 


“TH -t Alee Ty y! 


When «-> tan;,->w/,. and tan:, *«I7, + 7;+ 7,l. Hence we conclude that at low 
frequencies #1 ~ 7: and, consequently, parallel channels give a lag ofoutput 
signal in reference to the input signal. 

When «+ > tanz,--w7;) and tan? -° #7, at vie whence it follows that 


Tr, 
7,7, and, consequently, we get lead < out put gaa in reference to input. 







Fig. 57. 
of operational amplifier wi 
of inst lation of type FMU-8. 


the first modifications 
hanmmele of amplification 





Finally, phase response passes through sero at certain frequexcy »-.u,. when 
+ «6% OF tan;, - tan;, This leads to relationship 


Tim ae NTT es Ny Tat TT a2) 
bwaw — TT hyd . 1~(7,7, PE tye tty 
Frequency »- », at which -,- -. is also called frequency of union of passbands 


of parallel channels of ampiification. 

In Fig. 56 are brought gain and phase frequency responses of one of the first 
modifications of operational amplifiers wit): parallel channels of amplification (see 
Fig. 57), developed in the Academy of Sciences of USSR (V. M svceyev [1)) in re- 
ference to analogs. Parameters of the circuit were selected in such a way tht 
at the frequency of union », slump of the gain-frequency response does not exceed 
30%. 

If it is accepted for simplification that 4 =4,,, =4 then 


w (i)! |—7,f,.3 


je Tne ns nn” 
antl 
1+ — i 7 rrp 7 
XY manne nett 
{I — (7,7, + TT, + T Typ? 


Considering that at frequency ~ ©, the radical equale a:.3, we receive 
finally 


YT, : 
MUS. ct (4.33) 
i ae xg Gena 
SE te aea gt pig) 
Considering [=r =0.7. 7, -1 and : : 1%. we find 
a 8 


— 0,30? + 3 + 0.7 -=0, 


ax 4. 





Time constant Ty can be selected from permiseible value of voltages of pulsa- 
tions at output of operational amplifier. Assuming that pulsations of voltage 
at output of operational amplifier are caused only by voltage of higher harmonics 


after the demodulator i... we receive 


(Maus = — By [adnan + Ae G). 


where On awed pat ig variable component of voltage at integrating point; 


a hr ha 
(tay ay of — voltage of pulsations at output of M-DM amplifier; 


¢ — voltage of interferences, brought to input of a-c amplifier of M-Dx 





channel; 
hk, —~ amplification factor of integrating and output cascades; 
eo = nad : ~~ constant component of voltage at integrating point; 


— frequency of modulation. 
Considering these expressions, we receive finally 


iii 
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whence 
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The lesa the required quantity " the wiaer the paseband of N-DM amplifier and the 
higher the frequency, with which the upper channel of amplification should enter 

and, consequentiy, the less the time constant T,. The last very considerable affects 
reduction of return of time amplifier to normal conditions after overloading. As 
follows from (4.34), to decrease Ty it is expedient to increase frequency ».,. 


For the circuit of Goldberg k, = 1 and Ty other conditions equal, will be 


1 
e 
considerably larger. Indeed 
aaa ‘nye ioe + 
Ty = —-— Vio 
1 Mmarbe! eo rs +7, 


———"WHIDSCPIPR «1. in subsequent formulas indicates Coldberg circuit. 
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Tne ratio of ‘ime constant T, for the circuit of parallel channels of amplifica- 
tion and Goldberg's circuit will be 


Jee Bel 
Ty a 


Thus, for example, for operational amplifier of an installation of type FMU-8 
(Pig. 58; B. Ya. Xogan, A. A. Maslov, D. Ye. Polonnikov [1]) we have re = 20, and 
k, = 1000, then 


Ty, _ 
te 0,02 


In real circuits this ration attains a magnitude 0.001, since by considerations 
of stability of the Galdberg circuit value 7,. found from the given conditions, 
must considerably increase. 
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Fig. 58. Fundamental circuit of operational ampli- 
fier with paralle) channels of amplification of in- 
stallation of type FMU-8. 

KXY: (a) Channel of amplification of nigh fre- 
quency; (b) Integrating and output cascades; (c) 
Input; (d) Output; (@) Channel of amplification of 
low frequency M—ON. 


Further development of circuit of parallel channels of amplification forced 
us already in circuit of modified amplifier FMU-@ (Pig. 58) to depart from initial 
structural diagram of Fig. 57. Teo guarantee stability of low frequency with a 
very large amplification (10°) it was necessary to remove filter R2U2, and for in- 
crease of stability reserve to apply a third channel (Cg — Ris)s connecting out- 
put of first cascade with inp.t of integrating cascade. 

Application as demodulator of semiconductor diodes (D, — D.) allowed us to 
Lower requirement of accuracy of adjustment of the contact vibrapack-modulator (VP). 
In modified amplifier EMU-8 we managed significantly to lower influence of change 
of feeding voltage by decrease of time constant Ryo. Ry 209 and application in 
feed circuits of first cascades of decoupling filter Rg — C¢ with large time con- 
stant (2 sec). 

Use of ‘ifferential integrating cas.ade, grounding of median point of incandes- 
cence, additional shielding, and also correction at high frequencies promoted es- 
sential decrease of level of interferences and expansion of the passpdand. 

Main charactsristics of such an amplifier: the passband when -¢,., = 100 v 
(peak) and attenuation is not more than 3 db constitutes 15 kc; lewel of pulsations 
when k = 1 constitutes 10 mv (peak); amplification factor at sero frequency of the 
order of 1.20106; sero shift with change of net voltage by + 10% is equal to 20 av. 
In spite of application for feeding the amplifier of two unstabilised power sup- 
plies, drift of the sero level, brought to the input in scalo amilifier regime, does 
not exceed 40 mv, and in integrator regime 2 av for 100 sec. 

Amplifiers of thie type, beaides the installation EMU-8, are used also in the 
set of nonlinear blocks NNB (eee table XIV Appandix JI). 

In last years were offered circuite of amplifiers with parallel channels of 
amplification (D. Ye. Polonnikov {1])}, for which cascades of high-frequency chanel 


were as if disconnected in series with increase of frequency, Such a principle 


allows us considerebiy to expand the paseband of amplifier. % can be considered a 


result cf development of the method, known from theory of eutomatic control, of 
supplying of signal in advance, first appiied for broad-band inverter by C. S. 
Deering [1]. 
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Fig. 59, Fundamental circuit of operational am- 
plifier (TU-10) with parallel channels of anpli- 
fication of installation of type cMU-10, 

KEY: (a) Input; (b) Output; (c) From second am 
plifier, 


In Fig. 59 is brought diagram of amplifier of TU-]0, developed in Academy of 
Sciences of USSR for the EMU-10. In this diagram the principle of series eliminating 
cascades is used partially. In upper channel the signal from integrating point 
proceeds only to first cascade (./,; possessing wide passband. From output of 
first cascade signal is brancned to second cascade |/.! and through :. to in- 
tugrating cascade ‘7: Thus, with increase of frequency the whole signal moves 
to integrating cascade, pessing (as if eliminating) the second cascade, Tin: con- 
stant of first cascade due to application of cathode follower is lowred to 8.107% 
sec, and time constant of integrating cascade is of order of 301077 sec. Compara- 
tively amall magnitude of time constants of theee cascades, and also application of 
correcting circuits ensure sufficient reserve of atability with a wide passband. 

Separating capacitors Cor Ce» Cy, Cp and resistances K,, Ke, Ro» Rio are 


selected in such a way as to ensure stability eat low frequency and correct union of 
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passbands of the channels. Output cascaie is made by the circuit of the econamic 
cascade without a signinvertor. amplifier M-DM and upper channel are fed fron 
stabilized voitages, the remaining cescaces from an unestabilized source, 

Main technica) characteristics of such amplifier: 

l. Urift of zero level in scale amplifier regime, brought to input (when 
k = 10), is 30 microvolt in 8 hours, 

2. Drift of zero level in integrator regime when RC = 1 constitutes 15 milli- 
volts for 1000 sec (1 millivolt per 100 sec). 

3. Interferences (background) at output with transmission factor k = i con- 
stitute 5 nillivol! (peak vleue). 

4. Linearity in output woltage of + 145 v when load is 10 kilohn. 

5. amplification factor of open d-c amplifier (1 te 2) + 10°, at frequency 
206 ¢ 8°10" and at frequency 10 ke 600, 

6. Passband (slope of gain-frequency response at 30%) when +... = 100 v, 
load 10 kilohm and shunting capacitance 600 pf constitutes 65 kilocycles, 

7. Maximum permissible capacitances at output of amplifier are not leas than 
0.1 microfared, st integrating point not less than 0.1 microfarad (with output 


capacitance 1000 af). 
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CHAPTER V 


DIOQUe FUNCTIONAL GENEHATURS 


1. General Information, 

Nonlinear computing elements or functional generators are dev :es, reproducing 
given nonlinear functions of one, two or many arguments. 

A particular case of a functional generatur or two arguments are devices, in- 
tended to execute factoring and dividing operatione. In view of the great import- 
ance of these devices they are usuaily separated into a special group and considered 
separately. Equaliy subject to separate consideration are devices for reproduction 
of discuntinuous nonlinear functions, to which consideration of tvpical nonlinear 
characterietics leads CAP (Automatic Control <ystem). 

Functional generators it ia possible to divide into general-purposs and special- 
ised devices. General-purpose functional generators allow us with the help of one 
device mechanisz, by rebuilding, to repruduc* various functional dependences, Spe- 
clalised generators are adapted (by principie of action) for reproduction of aly 
one specific dependence, Examples of apecialized functionai generators are devices, 
using the quadratic nature cof dependence c!: plate current (with amaii plate currents! 
on grid voltage of a three-electrode tube (A. Ya. Hreytoart {1}) or the Icgarithmic 
dependence cf grid voltage on grid current (M. J. Nucxer [1]). In practice of 
conatruction of electronic integrators and anaiogs, and also separate computers 
both types of devices found application. ‘“pecialized devices have advantage over 
general-purpose only when, other conditions equal, they are simpler in construction, 


are cheap in manufecture and are reliable in operation, 


Dependi:y upon the character of paesage of signals through the functional gen- 
erator we distinguish devices of open type, for which signals pass directly from 
input to output, and devices of compensational type, reproducing the given function 
only with coverage by negative feedback. Advantage of compensational devices con- 
sists in lowering the infiuence of external and internai disturbances and oscil~ 
lations of parameters on accuracy of operation. 

Depending upon method of physical realization we distinguish devices made with 
electron tubes, electron-beam tubes, clectromechanical servo systems with functional 
potentiometers (G. M. Zhdanov [1]) or specially contoured cams (N. Ye. Kobrinskiy 
[1}), etc, Electronic functional generators as compared with electromechanical 
ones possess this advantage, that with equal accuracy they nave a significantly 
wide passband and are less labor~consuming in manufacture and setting up. 

Use of functional generators in combination with linear computing elements al- 
lows us with the help of eiectronic analogs tc conduct investigation also of non- 
linear CAP. In last years very simple functional generators became widely used 
also in equipment of automgtic control. Here they used for improvement of dynamic 
properties of the CA¥ (A. Ya. Lerner {1], A. A. Fel'dbaum [2]). 

Main requirements, presented to functional generators of electronic analogs, 
it is possible to reduce to the following: 

l. Functionai generation should be executed for input magnitudes, given in 
the form of d-c voltages, with a total range of change + 100 v, 

2. Input impedance of functional generator should not be lower than 10 to 50 
kilohms, output no more than 10 to 20 ohms. 

Functional generator should possess sufficient output power for convenience 
of union with other elements. 

3. Reproduction of given function sheuld be carried out with accuracy of 
at least 1— 2% of full acale, 


4. Noise content in oucput voltage (direct current) should not be greater than 


ye 


5t010 millivolts (peak value). 

5, Functional generators must reproduce unambiguous and miltivalue nonlinear 
dependences, and aiso nonlinear dependences, reduced to elementary functions and 
obtained fram sxpsriment,. 

4, it is necessary to ensure possibility of reproduction of nonlinear depend- 
ences with low and very large values of first derivative, and also non-monotonic 
functions with a large number of extrema, 

It is natural that one construction of a functional generators can not satisfy 
ail the enumerated requirements simultaneously, 

During construction of functional generator is essential selection of the most 
suitable method of presentation of the function given for reproduction, Here can 
be used approximate methods, for example, assignment of function in the form of a 
series, by a totality of poinet on foundaries of discret intervals of change of 
the argument with corresponding interpolation between these points (for example, 
piecewise-linear approximation), Last, the function can be given in the form of a 
pattern or curve, drawn on paper. 

In recent years from the large variety of functional generators, functional 
generators built on diodes and electron-beam tubes rece sed the biggest, application. 
Therefore, in the future acccunt main attention is allctted to these types of func- 


tional generators. 


2. Diode General-Purpose Functional Generators. 


Diode functional generators are constructed in the form of general-purpose 
or specialized devices. They represen. in most cases parametric devices, using 
piecewise-linear approximation of the given functicn. 

Let y = f(x) be an unambiguous continuous function everywhere on the considered 
interval, with the poesible exception of a finite number of points of discontinuity 


of type 1. 


gare appre: 


Then thie function it is possible approximately 4.0 present by expression 
(5.1) 
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where 

ie ‘e when < ~ dua. 

‘1B, = const when x > ane. 
and Xu, is the value of x at beginning of every segment of the decomposition of 
the argument. 


When initial variables in an electronic analog are in the form of d-c voltage, 


aus 


after transformation of variables 9 = Moeu.. yio- Hye, © Mytec Mau =F Ate, 
we receive 
M,, M, OM, (5.2) 
fous = yy fa 7 My, eta Se - a 1, Fos ~ eh) 
if gph Ghote then 
ee eee 6.3) 


Summation of voltages in expression (5,3; is most simply executed on resistors, 
proceeding to summation of currents proportional to each component separately. 
Indeed, the first two currents can be obtained with the help of ordinary circuits, 
consisting of ohmic resistances, and the last with the help of circuits which are 
a combination of ohmic resistances and diodes, 

In Fig. 60 are presented four diagrams of diode elements, ensuring .equired 
current. characteristics with positive tangent of angle of inclination. Fer obtaining 
current characteristics with negative slope these diagrams must be supplemented 
with sign-inverting amplifier at the input of the considered diode elements. Here 


current characteristics will be a mirror image of characteristics of Fig. 60 with 


respect to the axis of ordinates, 
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Fig. 60. Diode elements and their current characteristics, 
Synthesizing such diode elements in the diagram, for example, depicted in 


Fig. 61, we can obtain total current in output resistor, equal to 


hasty M1 


eal 


(is 


If we disregard internal resistance of the diode, then 


by Oy — Card ly dy = lea Ci Ai: 
I ={" when 4,¢,,°.3e¢,-74,, 
u 7 
A,, (Mla Filo mm ley! when Qty ere, rey. 


where ¢, is the reference voltage. Uutput voltage of circuit here will be 
(5.4) 
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where 


I { } 1 
A, = R. ’ A, =- R.' A, RO Ay R,, 


As follows from comparison of expressions (5.4) and (5.3), with the help of 


the considered circuit we can not correctly reproduce tha given relationship, since 


with change of the number of switched on diode elements v ; in the last addend 


i 


of denominator also changes. 






Con 


2» 
z 
&m 


a 


Fig. 61. Diagrams of summation of currents 
of diode elements, 


Obvious)y, in th given case, ust as fcr linear computing elements with para- 
metric compensation, it would have been possible by means of addition of amplifier 
and positive feedback to compensate error, introduced by considered circuit. In 
Fig. 42 is brought a diagram of such a functional generator, offered and developed 
in t\2 laboratory of L. I. Gutenmakher (L. G. Kogan [i)}). 
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Fig. 62. Diagram of functional generator with 
parametric compensation of error of summation. 


In this circuit feedback voltage is passed in such a way that it affects 


currents of all diode elements. 
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As before, 
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After substituting these values of currert: in equation (5.5) we receive 


«Ag+ eA, - = ie ae ae (5.6) 
ag ee, a oe 
A,+A,4+ A Mave AY 
tf one were to sele.t 3 in auch a manner that 3 3A\-:1. the denuminator 


of expression (5.6) no longer will depend on the number of coupled diode elements 
and then output woltag: our wil, with accuracy up to a constant scale factor 
reproduce the given rsiationship (5.3). 

However, such a functicial generator possesses a number of peculiarities, pre- 
venting its direct use in d-c electronic analogs. Among these peculiarities should 
be ment ionad: 

1. Necessity of additional stabilized power source (reference voltage «+  ), 
for which no terminal is grounded. 

2. Necessity of stabilisation of amiification factor of integrating amplifier. 

3. Impossibility of direct connection with operational amplifiers with a com- 
mon grounded pole, 

In Fig. 63 18 presented a diagram of a functional generator (A. A. Fel 'dbaus 
and L. N. Fitener (1)), free from the indicated deficiencies and possessing additional 
poesibility of ottaining of two nonlinear functions from one argument. The basis 


of the circuit are diode elements, from: whcse output is removed not current, ae in 





the preceding example, but voltage. Voltages of diode elements are summed by opera- 
tional amplifiers 1, 2, 3 and 4. All diode elements are identical (Fig, 64) and 
there is assumed identical coupling of the diode in the circut. The characteristic 


of such a diode element taking into account resistance of diode can be received 








t 
i from the expression for current /,, * 
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Fig. 63. Diagram of general-purpose diods func- 
tional generator with use of integrating d-c am 
plifiers, 
Indeed, 
ft. Poe ak, + Coa, 
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where for a vacuum dicde 
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Ueing these expressions, we find 
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Graphic presentation of this dependence ¢  /(e) 18 ahown in Pig. 64. As 
*In this expression and further -,. sust be placed with its sign. 
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follows from these relationships, input voltage, at which the diode opens, is de- 


termined by relationship  ¢° Pena 


Ol: wa kK, 


anc the slope of the resulving character- 
detic to the axis of abaciasas — by expression 
tant= ee vr, ale wy (5.8) 

The whole characteristic is located 
only in the third quadrant. In order 
to obtain a characteristic in all fou 
quadrants with the help of diode elements 
of only this type, it is necessary to re- 
sort to connecting at the output of sign- 
inverting amplifiers (Fig. 65). 

as foilows from expression (5.8) 
and Figure 55, the steepness of the chara: - 
teristic of such a dioie element 
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depends vdoth on resistances hy» R, and hy 


Fig. 64. Diode ele- 
ment and its current and on setting of the divider at tre out- 
characteristic, 


put ana transmission factors Ke K_ of out - 
put integrating amplifiers. 

Increase of steepness due to increase of k, and KX. runs into difficulties, 
comected with the resulting lowering of the transmission factor of the diode eie- 
ment and increase of sero drift of integrating ampiiriers. 

Resistances k, and R2 are selected from condition of decomposition of the argu- 
ment on the given intervals (proceeding from the accepted accuracy of approximation). 
In general-purpose functional converters to decrease the number of adjustments they 
often make this decomposition uniform. Then for n segments of decamposition, 2: 


magnitude de,, each, we receive 
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where i is the number of the considered segment of the decomposition of the argunsnt, 





Fig. 65. Current characteristics of diode ele- 
ments, used in the circuit of Fig. 63. 


Considering Ry + Ro =R, we receive Ra, =R- Ruy and then on the basis of 


1 
R,, 2+ R--- fan (5.10) 


a ite 


Hine rR! 10 - 
For various intervals in order of increase of number we receive: 


1 2 2 
Ry = 4%. Ry = 4,8. Ria in 0% 


To lower the current, flowing through the diode with voltage on it, near sero, 
in the circuit is preeided lowering of filament voltage to 5 v. 

The general appearance of a general-purpose functional generator, made by the 
diagram of Fig. 63, is shown in Fiz. 66. The face penel of the instrument ie divided 
into two parte symmetric relative to the middle. Om the panel are located handles 
of potentiometers, s switch and voltmeter, by which nonlinear functions f) ‘¢,,' 
and f, ie.) are set up. During setting up the whole scale of input voltage, pro- 
portional to variable -¢,.. is divided into 40 equal intervals by the mmber of diode 


elements in the circuit. At input terminals + x and — x is established voltage, 
corresponding to beundaries of intervals, and with the help of potentiometers of the 


given interval we «stablish »y volt. © the required value of the function. 





Fig. 66. (eneral appearance of general- 
purpose diode functional generator made by 
the diagram of Fig. 63. 


In Fig. 67 is brought a diagram of a general-nurrose diode generator (I. ™. 
Vittenberg [2]) made with the described diode elements, differing by the fact that 
in it are provided possibilities of changing the sign of output voltage end add:-- 
tional adjustment of the relationship between fh] and 2, to obtain nonuniform break- 
down of the argument, As compared with the circuit conside“ed abowe besides the 
quantity of operational amplifiers it requires two reference-voltage sources, 
doubled quantity of potentiometers and large quantity of switching equipment (togge.e 
switches and change-over switches). 

Total number of diode elements is iowered here to 1. which during supplying 
of input signal through resistance ari with a constant bias ensures li segments 
decomposition of the total ecale of change -f the argument. The diagram is com 


posed in operation, since eet-up of the given function requires a large number of 


ewitching cperations, including the necessity of selecting the place of installation 





oc: diodes, and, as the preceding one, dces not al’ ow ome to reproduce a function 
titn great steepness. 

Of great interest is the general-purpose diale-tricde functional generateo> 
(see A. A. Fel'dbaum, L. N. Fitaner [1})!, providing reproduction cf curves with 
ste*piess up to 30 v/v, One modification uf the circuit of such a functional gen- 
erator is shown in Fig, 68. In tris circuit. i+ used a two-cascade d-c amplifier 
Y -l controlled by divider x.. R. By Rs by output triode cascades 
7, .7... ..7, which with ‘nerease of input signal in turn open, and close the 
{eedback circuit of amplifis. Y - 2 through resistances R2), Roo, woe, Rane Out- 


put voltages of these tricde cascades are limited by diodes 7. 7... -l, 





Fig. 67. Diagram of general-purpose diode functional 
generator (industrial model). 


Setting of the steemesna of the characteristic «ff every diode-tricde 4] ement 
ia carried out by selection of correspanding magnitude ie ard can de lowered 
by divider {7 . Moment of beginning of iimitation is estabiished by assignment 
of negative bias on divider R2,.%,..... &. Ri. Analogous circuite of functional 
gmeretore are used in electronic analog, -1 and MI-8, 
The considered circuit can work only with positive input signals. When 


¢..<0 et the input of amplifier Y - 1 there is connected through Ry a voltage 
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of "support" + 100 v (see Fig. 68). Ue of the principle of feedback allows one 


to increase accuracy and steepness of the reproduced nonlinear dependences. 





Pig. 68. Diagram of a general-purpose functional 
generator for reproduction of functions with great 
slope, 


Following the method of synthesis of diode circuits, presented in Chapter VI, 
it is poesible to carry out reproduction of nonlinear dependences with the same 
steepness, Sut with use of diode elements alone. 

3. Diode Specielized Functional Jenerators. 

The considered diode general-purpose functional devices alam equally with 
positive qualities (wide passband, comparative:y low error of the onier of 0.5-1%) 
have aiso essentia. deficiencies, consisting in the first place of the fact that 
they are excessively cum licatead in constructicun, require fulfillment of a large 
number cf switching and regulating operations during adjustaent on a given nonlinerity, 
introduce limitation in the permissible stespmeas of the reproduced function and 
difficuity during reproduction of nommonotonic fusctions, especially in the case 
of several extrom. 

Caring solution of technical probless, creation of verious kinds of computers 


ard especially during investigation of aystema of automatic control it is very often 
necessary to deal with nonlinearities, sxpressed by elementary functions (for ex- 
ample, y = sin x, y = cos x, y ™ x’, y* r, atc,), Such nonlinear dependences, 
apparently, are betier reproduced with the help of specialized devices, beforenand 
dvsigned ror the given nonlinear dependence and not requiring further adjustment 
during operation, Siumetion, muitiplication and division of output signals of 

such nonlinear generators allows ua to receive new nonlinear dependences, to ex- 
pand the clase of functions reproduced by these devices, 

Method of construction of apecialised devices sheuld ensure eimplicity of 
calculation, minimum clements, smell cost and large cperating atability and reli- 
ability. 

During projection and development of 
such devices it turned out, to be more ex- 
pedicnt to use ancther approach or, more 


correct, another treatment of the princi- 





pie of work of the functional device, con- 
Fig. 69. Functional dis- 
gram of a diode special- sisting of the fact that it is considered 
ised functional device. 

as an operational amplifier, furnished 


with nonlinear converters cf mput and input voltages in corresponding currents. 


Indeed, for the diagram of Fig. 69 in a steady-state regime these equalities are 


cortect: 
f, ane f, ay. e,). | (5.11) 
/, == ha (O35 es e.). 
4, — li-r 4, | 
and 
e=RJI.,. (5.12) 
Cou = Ave. | 


With very large Ky the system of equations (5.11), (5.12) reduces itself to equation 


Fy (aur) = — fy leq,). (5.13) 
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Punction /2(¢,.:) we call the current characteristic of the feedback circuit, and 
function /,'¢,,) the current. characteristic of the input circuit of the operational 
amplifier, Relationship (5.13) 18 8 more general equation of the considered func- 
tional dewice. 

To satisfy conditions of static stebility (presence of negative feeiback) of 
such ar. operativnal amplifier it is necessary that 


Meas af, (e, 14x) 
de, fee <0. 





Sinee 
bly 
a = KY <9, 
then this coadition is reduced to 
If, (sux) 
dea > 6. 


If one were to have in mind, henceforth, consideration of diode converters, then 
4t tums out te be to be expedient to translate the derived general relationship 
(5.13) into the language of conductance of the input circuit and feedback circuit, 

Conductance of the circuit determines steepness of the reverse volt-ampore 
characteristic of this circuit. In the presence of a nonlinear volt-ampere charac~ 
teriatic, as takes place in the considered case, the concept of steepness as a atio 
of current to voltage loses ite meaning and should be replaced by the concept of 
steepness at a given point of a nonlinear curve, 

Let us arbitrarily call oe Y(e) the differential conductance of a nonlinear 


de 
cir iit. Then after differentiation of the fundamental equation (5.13) for -¢ 


we 


we receive 
Gly deer __ af, 
deeus dea, aa 
Since by definition 
d 
ji == Vy (¢u). and ae = V; (€,,). 
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Expression (5.14) is the equation of a nonlineer operational amplifier in dif- 
ferential form. 

During piecewise-linear approximation for the i-th segment of the decomposition, 
differential relationship (5.14) should be replaced by a difference relationship: 


My 
beau: oo > Wy de,, a 


where 


Ae, i = (a -* pe i 


be = (Cai = ioe 
0 when ¢, -~e", 
ay, -| aY,, = const when ¢, >-e0., 
4Y,, -| 0 when %. Gus 
AY,, = const when ¢,,. > ¢8,.,- 


With n segments of the decomposition we receive 
Yar, Seous; = - Vary Sees een?) 

Expression (5.15) shows that nonlinear dependences thus will have only negative 
slope (located in the 2nd and 4th quadrants) and with their help it will be possi- 
ble to reproduce only monotonic functions, 

To reproduce nonlinear functions one should introduce negative conductance 
either at the input, or in the feedback circuit, As ia known, negative conductance 
can be created only with the introductica of additional sources of emf. Therefore, 
for reproduction of nonlinear functions or monotonic functions with positive slope 
me must connect at the input or output of the main integrating amplifier sign- 
inverting amplifiers (Fig. 70a and Fig 70b). The circuit diagram of the sign-inverter 
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at the input has this advantage, that here only one operational amplifier works as 
an adder. 

When the given nonlinear dependence is such that the current sharacteristic of 
the input circuit or feedback circuit contains sections with constant value of cur- 
rent on a definite interval of change «¢,,. or ¢,. equation (5.15) should be 
written in the form 

Yar, bea. Yur, Star, + Viytun)s (5.16) 
where Tos is the conductance of the auxiliary circuit, taking two values: either 
A = const, or A = 0 depending upon values ¢,. or ¢é,,;. 

Every component of the right and left part is reproduced by a diode element, 
an elementary circuit, made of a conductance, a gate and a reference-voltage source. 
Types of diode elements. For synthesising, apecialised functional devices 
the above-considered diode elements (Fig. 65 and Fig. 67) turn out to be of Little 

use, since they require excessively an large mmber of resistors. practically do 
not yield to design and hamper reproduction of functions with comparatively great 
steepness, 
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3 Fig. 70. Cirewit diagrams of a sign- 


invert amplifie: for obtaining nega- 
tive conductance. ZI — sign-invert 


amplifier. 
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Lately for specialised devices there was offered use of the following types 
of diode elements: 

1) diode elements with potentially grounded diodes (A. D. Talantaev (2)); 

2) diode elements, made like limiters (V. V. Gurov, B, Ya. Kogan, A. A. Maslov, 
V. A. Trapesnikov [1]); 

3) combined diode elements (see the rane). 

A diagram of a diode element with potentially grounded diodes is shown in 
Fig. Jia. If we disregard resistance of the diode in the conducting state as coa- 
pared with resistances R; and r, and designate input voltage, with which the diode 
changes comduotance (thers is switching of conductance to another step), by ¢’ 


then for the currert characteristic we will receive the expression 


| Ba a whe > A (5.17) 
un 0 : 
when ¢,,  ¢). |. 
Hence when ¢,.> 6, 
al, ae AY soe te (5.18) 


and relationship (5.17) tekes the form 


| fa aY,,- ¢ ay, # ox > ee 


Me lO hea fate 
where iy, = $ 
Magnitude ¢), is determined from the condition of equality of the potential 
of point ¢, to the potential of point ‘. taken with accuracy sufficient for practice 
for sero, wren summation of currents of diode elements is carried out by an integre- 
ting operational amplifier. 
Therefore 


gi seh ige tee ge (5.19) 
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Fig. 71. Diagram of diode element with poten- 
tially grounded diodes, 


From expression (5.19) it follows that ¢*, can be equal to, greater and 
less than ¢,,. 


When ei <e 


es f° 


voltage at integrating point 1, is determined by the ex- 


pression 


ay ay 
eee ri, Cage eed oo 20 
1, =n SV + ay, aH, +4y, (5.20) 


Voltage ¢, with increase of ¢,, will decreases. When ¢, =e, the diode will 
open and potential of point “, will differ from the potential of paint © by the 
magnitude of the voltage drop on the diode. This difference of potentials will 
constitute i’ /,r, In the worst case, when I), = 0.2 mand 4%, = 500 chas, 
4U=0,l1 v. Therefore, during coupling of diode the integrating point [, approaches 
potentially to point *. and cansequently, is as if potentially grounded. 

With the help of such a diode element it is possible also to effect summation 
of several voltages, if to integrating point ‘, we join several voltages through 
identical conductances 1y->. Indeed, the current characteristic for the 


ai COs 


RMR peRE OM tg ome 


circuit of Pig. 68> upon the former assumptions will be 
0 when ¢, 0. (5.21) 


Nu = * 
(ay > ¢, nor ead) when e,. > 0, 
1 


a 
‘ 


-, where Nyess (5.22) 


¢ r 


t,~ a aV Fay 
Combination of several such diode cells allows us to effect functional generation 
of the eum of input voltages (especially valuable during creation of functional 


devices of two or more argument ): 


fos =Sile,te,+ ... + ¢,). (5.23) 


In Fig. 72 are brought poseitle methods of connecting of diode elements with 
potentially grounded diodes, ensuring obtaining of current characteristics, located 
in all four quadrants. Change of character of current characteristic here is at- 
tained by change of sign of input signal (auciliary ampliiier), sign of support 
voltage and method of coupling of diode in the circuit. Circuits of diode elements 
thus obtained are divided into two groupe (Fig. 72a and 72b): diode elements, 
working on ewitching on, and dicde elements, working on witching off. Liode ele- 
ments, working on switching on, are those for which with increase of input signal 
by an abeolute value the differential comdiuctance with respect to the input signal 
changes from sero to a certain constant value 3), For diode elements, working 
on switching off, with increase +¢,, comductance decreases a certain constant 
value ~. 3Y,. 

Calculation of parameters of the circuit of the considered diode elements with 
potentially grounded dicdes does nut cause difficulties. Indeed, after piecewi se- 
linear approximation of the given nonlinear dependence (see Sect. 1 Chapter VI) wm 
already know the values ¢,,, and iy. and, therefore, for a selected value of 
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Fig. 72. 


Possitle methods 


of coupling diode 





elements with potentially grounded diodes. 


calculation reduces itrelf to determination of 4), by relationship (5.19). 


smade 


3Y e" (5.24) 
dy, aaa ’ 


Foq 


where i is the number of the diode element. 


The current characteristic of the considered diode slement taking into account 
resistance of diode can be presented in the form 


0 when ¢, ¢",.. 
R 
‘y = Fa: — Fos 
«when @€ >e" 
| Rrr(i+ 2) pr Ba 
é 


If one were to compare this expression for the current characteristic with equation 
(5.17), then one can be convinced that calculation of resistance of diode can be 
presented as a simultaneous change of Ry and r;. Designating & ; eI + fy enh 


and =¢, +4,(1 a B)=0 it is possible to write the equation of current charac- 
teristic taking into account resistance of diode in the form 


0 when ¢,, (5.2ka) 


oar 


N=) fo when ¢. >. 

A peculiarity of the considered diode elements is the fact that at sero slope 
of their current characteristic (i), -0) current through the diode element also 
ie equal to sero (/ - 0) 

Therefore, for reproduction of current characteristics, possessing sections 
with sero increment of current when / +0 it is necessary to resort to switching 
on of an addi’ ional diode element with ea current characteristic, compensating in- 
crease of current from ail ewitched on diede elements of the circuit. This eir- 
cumstance increases the total consumption of curren: in the circuit, the number of 
simltancously switch on diode elements and error of reproduction of the given func- 
tion. In similar casee large advantages can result from application of diode ele- 
ments, built on the principle of a limiter. in Figs. 73a and 73b are brought two 
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typical circuits of such diode elements. 





Fig. 73. Diagrams cf diode elements, made like a limi- 
ter, and their current characteristics. 


For the diagram of Pig. 73c with the accepted designations the equation of the 
current characteristic will be 


Ay, (5.25) 
3°, (+. = i Cun 
i . ® 
ay \y when e. Se fs ne 
ij ai . + I t 
wo ya Ye 
dy MF 
“t d “, 
Cte Gere cons! when ¢ set, 
! -é 
where 
ry * sy, (5.26) 
Ji - J, R ne a), 4 ay,” 


Tf we disregard resistance of diode +, = a then expression for the current 
@ 
characteristic can be reduced to the form 
SY sees when te < fae (5.27) 


= an aN 


e 
~ 7 coast ¢ e : 
Cua by, 439) when on eua 


As “ollows from these relationships, slope of current charecteristic of this diade 


slement depends cnly on the resistance, determined by i), Therefore, ite 


i 
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he 


calculation does not differ at. all from calevlation of diode element with potentially 
grounded diode. However, here there is an essential limitation, since ¢., must 

be less tham ¢.. Equation of crrrent characteristic for the diode element, de~ 
picted in Pig. 73b xii. be 


Fes AY; when Car rigeete (5.28) 
" | tsa VX when ¢s: > rae 


where 
hay =H ean, 4 
eo 1 = . ¥ 27 Se 
RR EE ay (5.30) 


From expression (5.29) it follows shat voltage cf switching for such dicde 
element always should be larger than ~... Using relatiorshipe (5.29) and (5.30), it 
is posaible always to determine required ralues of Ry end Ro, by the given values 
of oe, amd iY: Diode :lemant. of this type allows one to decrease number of 
resistances in circuit with :wproduction af odd characteristics. Indeed, if in the 
cireuit of Fig. 73b we were to suitch in still another diode with refcrence voltage 

fe. @8 shom in Fig. Tic, then w can oftaia a lieiter with bilateral Limitation, 
and euch a doubled diode element will worry during beth signs of input signal, sot 
requiring additional diodes fur ccamutation of input signal in sign ami using the 
seme resistances 2, and 2K... 

Diode elements ehcum in Pigs. 73a, 73> and 73 are elements, working om ewitch- 
ing off. Other possible methods of coupling of diode elements of this type are show 
in Pig. 7a. As follows from the figure, diode elements of the lieiter type, working 
on witehing on, aluays up to moment of switching on give at the integrating point « 
conetaat current componest. Dicde elemmts, assembled by diagrean I, can be used 
with evitehing voltages from 0 to +... and by ciagream II — for ewitehing voltages, 
warying from ¢., tO a mss. 





Fig. 74. Possible methods of coupling diode elements 
of the limiter type, 


XBY: (a) Diagraa. 


Combined diodes eleaente are the totality of various types of diode elemer’ s. 
Actually they are ast really an elemat, dut a ciode circuit, reproducing a non inear 
cheracteristic of simplest form. In Figs. 75a and 75b sre brought two examples of 
combined diode elements and their resultant current charecteristics. Diode eo) seni, 
depicted in Pig. 75a, ie a combination of a dicde limiter, made by diagran I 

Ch. 7, and Rg), whch diode limiter, made by diagram II (25, 21 snd Ro). Diode 
element, presented in Fig. 7£b, comeists in turn of a diode element with poten- 
tially grounded dicde (.7,, r, Ry and R,) apd a diode limiter, made by diagram 
II (Ry, Ro and 2). 

Comparison of current characteristics 
of both types of doubled diode elasemnts 
shows that their distinction consists of 
the fact that in current characteristic 
of firet circuit thore is initial current, 
different from sero, This current can 
be compensated by supplying sdditional 
current at the integrating point from a 
geference voltage through a corresponding 


resistance. During use of the second cir- 





, cuit it is possible in the same way to dis- 
money bew~ 


be, at placa the characteristic along the axis of 


é Fig. 75. Doubled diode ele- ordinates, 
ments. 


Circuits of divde generators. Usually 
during construction ef the circuit of a nonlinear generatur separate diode elements 


are connected in parallel. This means that current at. the integrating point of the 
operational amplifier at a given voltege of the argument, is equal to the sum cf 
currents, set to this point by every diode element under the influence of the vol- 


tage of argument and the refevence voltage. Thus, for example, during construction 
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Fig. 76. Diagrams ox ccnnection of diode elements (with 


potentially grounded diodes’, work 


-167- 


ing on switching on. 


————, 


of a circuit only on diode elements with potentially grounded diodes, working on 
switching on, we have 


e 
31) 
A= 2 + SY, (ea, — ef, ,), (5 
where 
AY, == A; when ¢s > ert 
0 when é¢y, “avis 
and k is the number of simultaneously switched-on diode elements. 
When fon = Cex was 
h=tlan => + AM) | Mess j, (5.32) 
j 


e 
Bees: <= Cox. mar —— Caric 


where n is the total number of dicde elements. When e¢,, -=0. /: =0. 





ee ee ge 
be 


Fig. 77. Circuit for reproduction of even 
functions. 





Current characteristics, which can ve obtained with the help of such elements, 
are presented in Fig. 76a and Fig. 76b. By change of magnitude r) in first diode 
element characteristics can be displaced along the axis of abecissas a required 


-168- 


magnitude. In particular, characteristica start from the origin of coordinates, as 
this is shown on these figures, when /“,->:>, i.¢., with dieconnecting of reference 
voltage from first dicde element. Shift of current characteriatics along the axis 
of ordinates parallel to themselves is attained by addition of a constant current 
component by means of connection of a source of constant (reference) voltage through 
constant resistance to integrating point. Considered circuits give build-up of 
differential conductance with increase of input voltage. Therefore, they are directly 
useful for reproduction of monotonic functions with positive value of second de- 
rivative (with respect to absolute value of change of argument). 

During reproduction of even functions it ie possible for two quadrants to use 
one diode circuit, supplying it additionally with commutating diodes, cannecting 


to the input of the circuit always a voltage of the same sign (Fig. 77). 





wf, 


Fig. 78. Circuit for reproduction of 
odd functions. 





During reproduction of odd functions it is necessary to use in every quadrant 
ite om diode circuit. Transition from one circuit to another is carried out here 
automatically (Fig. 78). If on first interval of change of argument it is neces- 
sary to have current characteristic, whose slope is different from sero, ard if 
with thie aim first diode elements are replaced by resistances, then it is neces- 
sary to cormect to the input of the circuit a commtating diode cell as shown in 
Fig. 78 by the dotted line, 


During use of diode elements of the same type, but working on switching off, 


we receive 
a 
Ie = D+ Ayjlon + AV itor) (5.33) 
i F 
and 
1 - oa 
7, When for - fui 
dy, = 
0 when é,: > ei. 
‘ au wh FoF oe 
ane R, Oh as Eats: 
0 when ¢: > fori: 
when 
; Cox = For. mar: I, = 0, 
and when 
Coe = 0, bs =I aay = > = AY. Con- 


Current characteristics, corresponding to expression (5.33), are shown in Fig. 
79 for all four quadrants with various parameters of the circuit. They give de- 
crease of differential conductance with increase of absolute valus of input signal 
and therefore, are directly useful for reproduction of nonlinear dependences with 
negative values of second derivative. As in preceding case, by addition of direct 
current at integrating point it is possible to shift considered current characteris- 


tics along the axis of ordinates up or dow. As example, let us consider reproduction 
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of nonlinear dependence 
eux = -— 10 Vag 


Current characteristics of input circuit and feedback circuit will be: 


I= 10Y, Ven, 
4, = Y of eux: 


Character of change of differential conductance is determined by relationship 








Magnitude y decreases with increase of ¢,, Consequently, for reproduction of given 
nonlinear dependence one should use diode elements, working on switching on, en- 
suring positive value of differential conductance. 4owever,in given case when 

e,= 0, I, = 0, and when fu.mx = 100 v, I) = 100Y2. 

Although parallel connection of diode 
elements with potentialiy grounded diodes, 
working on swivching off, ensures required 
character of change of conductance with 
change of input signal, it does not give 
coincidence of current characteristics, 
since when ¢,, =0. fe = Isaac. and when 

fer =f mu /: -9 In order to receive 


coincidence of given and obtained current 





characteristics, it is necessary to carry 
Mig out shift of current characteristics by 
supplying at integrating point an additional 


Fig. 79. Current characteris- 
tics of circuits, consisting of constant current component, equal to value 


pare poreccsae of diode C7 
norte { Ss oe 8 ching of /. and ¢«.=0 for a circuit of purely 


othe parallel connection of these diode elements. 
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The circuit of a diode nonlinear 
generator thus obtained is show in Fig. 
80. Here for simplification is brought 
approximation by four diode elements. Re- 
quired quantity of diode elements and 
initial data for calculation of their para- 
meters are determined after piecewise- 
linear approximation (see Section 1, Chap- 
ter VI). 





Current characteristic in Fig. 90, 


can be obtained also by diode elements of 


tee limiter type and working on switching off. 
Fig. 80. Method of reproduc- Here there is not required additional shift 
tion of dependence by /:-107, ye 
diode elements (with potentially of the characteristic and there do not ap-~ 
qrounded diodes), working on 
switching off. pear accompanying increase of consumption 


of current by the circuit and growth of error for small input signal values. During 
construction from these diode elements of a circuit one must on the first two seg- 
ments of the decomposition (for which ¢%,,.~¢. ) apply diode elements, made ac- 
cording to diagram I, and for the last two segments — ones made by diagram II (see 
fig. 74b). During reproduction of the last segnent of the decomposition it is 
possible to replace the diode element a resistor, connected to the intograting point 
and input signal. The circuit of such a diode converter for reproduction of nonlinear 
dependence of the eabove-considered example is shwon in Fig. &1. 

Equation of the current characteristic of the circuit, composed of diode ele- 
ments of limiter type, working on switching off, can be found on the basis of (5.27) 
and (5.28) from expression 


& Yen + > MV ites when te. < tng (5.34) 


k=}, ‘ 
Sy SV ,¢0,, + S MV fees: when Caz > fas fe 
T asi 
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wnere m is the number of dicde elements, made by diagram I, and n is the total num- 
ber of diode elements, 

As follows from the expression, with 
growth of absolute value of input signal 
totai differential conductance of the 
circuit falls and when Cer -= Cog mes = CON- 
ductance y¥,=0 and 


™ fn 
A= DAVved, + x a} ree ° 
t 


mel 


When ¢,=0 tho circuit gives: 
= a 
Ye=Yeu= Dayi+ Bayt 2-0. 
lat ari 


For @ circuit, composed of diode ele- 
ments of limiter type, but working on 
switching on, the expression for the re- 





a a sultant current characteristic can be 
fu 
Fig. 81. Circuit of connection written in the form 
of diode elements of limiter (5.35) 
type, working on switching off, er yon ‘ 
for reproduction of dependence RE ti e _ Ry, when fn tas. 
Ty IOV) Ven e hex 1 aei 
| Vi av en + v AV *%e,, when ¢s: > Cena 
i al 
Here 
AY jee il aay a2 
TRE Ra BREEN ae 


In considered case total differential conductance of circuit increases with 
increase of absolute value of input signal. 


When 
(a, =% 8 ¥. —0, 
a 
Jv Cun HN 


y ¢ 
ES Ran) oak, 
i met 


When e¢ =e 


a Os. mate 
CJ a 
Y= > a Zar. 


As in earlier considered cases, it is possible by coupling to the integrating 
point of an additional constant current component to compensate initial displace- 
ment of the characterisitc. 

The preceding shows that synthesising of circuits of nonlinear generators from 
considered diode elements can be carried out, proceeding from given the character 
of change of differential conductance and the initial and finite values of cur- 
rent, sent by the circuit to the integrating point. The firs. condition allows us 
to explain what kind of circuit (based on switching on or switching off) of diede 
element of considered type one should use, and the second gives certain indications 
of the type of diodo element which one should apply or about character of shift cf 
total current characteristic. 

Final selection of type of diode element can be made proceeding from analysis 
of errors introduced by diode elements of various types, and taking into account 
necessity of obtaining parameters of circuit, not exceeding permissible limits, 
Thus, by conditions of work of operational amplifiers feeding the circuit of the 
nonlinear generator, total consumption of current must not exceed 10 ma. Therefore, 
minisem values of resistances Py, Ry, Ryy amu Roy should be selected in such a man- 
ner that the equavalent input impedance of diode circuit is lower than 10 kilohms, 
Here quantities rj, Ri, R)4 and Roy will be greater than 10 kilohms and, consequently, 
error from final resistance of diodes in the straight direction will be negligible. 
The upper limit of these resistances is also limited by presence of leaks in the 
circuit, which for large resistances develop more sharply, and by technical dif- 
ficulties of selection of required resistances. In units developed by the Acadeny 
of Sciences of the USSR, the upper limit for these resistances constitutes 5 megohm, 
and the lower 50 to 100 kilohms, | 
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CHAPTER VI 


PRINCIPLES OF THEORY OF DIODE FUNCTIONAL GENERATCRS 


1. Dete the Law of Decomposition of the Axis of an Argument and Values 
: of Differential Conductance of a Circuit on Every Seguent . 7 
During Piecewise-Linear Toreocleat {ce 


# 
Problem of piecewise-linear approximation of nonlinear function ¢... = «/ice,.)') 


consists in finding a series of fixed values ¢f..¢3,.... es which provides 
approximation of broken line with vertices = “/(-).,) -/(-¢2,,).-... S(1e%.) tO 


curve v/(Ce,.) in such a manner that on the whole interval of change of ¢., abseo- 
lute error of approximation of the function does net exceed a given value {7,,, 9 

Of furction -/i-e..) it is assumed that it is unambigous and continuous in 
the given interval of change of -¢,, and has a continuous first derivative every- 
where on it, with the exception of, perhape, a finite number of points of dis- 
continuity of the first kind. 

In such a formulation the problem of piecewise-linear approximation present 
for every interval ¢)..,, >... the problem of approximation of the given function 
tow. ‘Sti0,) by @ ploynomial of the first degree. As is know, error of such ap- 
proximation ia determined by the remainder of the interpolating forma. 


For Newton's interpolating formila during linear interpolation the remainder 





# vis the scale of the function, : — the scale of the argument. 





will have the form 


© te OC) 


Rie.) (5 ~ eo. (len ~ Co ae i): (6.1) 


where f,,()) ie the value of second derivative at a certain point inside inter- 
val co. bel e. a 
From analysis of forma (6.1) it follows that Rie.) will a value of maxi- 


mum modulo when ¢.,/:) and expression [(¢,,— : »)(o.— 5: 04:)] simultaneously 


attain their maxim, For that worst case we obtain 


|Rie,,)| — PN jieiae Seal! (6.2) 
os’) ba] z . 


Considering 4¢,,,=«=max/R(e,,)], we obtain from (6.2) expression for determi- 


* 
nation of length of a segment of the decomposition in the form A, =(e),,,—e" ,) 


<i (6.3) 


Tous leas | 


4, = 


during subdivision of the axis of the argument there is determined in the given 
range the dependence 4... = 7 (¢s:).- The whole range of approximation is divided 
into subranges, in which function a. —7(e:) changes monotonically. In every 
subrange susdivision is Seaen from whe vecce oi 84, fh | Waele CD Of te 
the greatest value. 

Considering piecewise-linear approximation by diede elements, connected to the 
input of the circuit, it is expedient to crosa from initial dependence ¢,,, = »/(%,,) 
to current characteristics, for example /,=.+),/f(‘e,,) and /,=Y, ,., In this 


case formula (6.3) takes the forn 


_ Wil (6.4) 
mV thal 


(af ace ¢ Vy 


for derivation of formila see book of M. Ye. “obsinskiy [1]. 





Breaking down the current characteristic, it is possidle to directly determine 


the value of comductance of diode circuit on every interval  ¢? - ef and ther 


or aei ana 


for every diode element, 


Indeed 
Metra Meccah | 


os bei Poe | (6.5) 


Ye a sd Mead 


y= 
a n 
fora Son hi 


whence 
aY,=Y,—Y 


a1 


Formla (6.4) is correct when vertices of the approximating polygon lie on 
the ideal curve, If approximation is conducted so that vertices of approximating 
polygon lie on lower or upper boundar.es of field of allewance, formula (6.4) re- 
mains in force during replacement of the given function fe) by SCs a 
and substitution in (6.4) in place of « its doubled value. Here as the ideal 
curve is taken the upper or lower found of the field of allowance. 

The presented method is nct connected with specifics of the given appraisal 
of accuracy of the considered functional device. Thus, for example, if as criterion 

Mian Mos 


of accuracy is selected not ‘-. : » but 4=- . hen ecreewnseition can 


mar fous 


be effected, using expression (6.3), in which in place of * is put 2i¢ 


fous 
= 2, +ftie,.). and the condition that the approximating straight Line inside the 
considered interval ‘4.: > “se is sinultaneously tangent to the upper or lower 
boundary of the field of allowance (depending upon curvature of the given curve) 
at point ¢,, -=¢, 

Qn the basis of the above we obtain 
(6.6) 


a a ' 
foun Ete wt) = tous a) aa (1 £8) 8f! (ea) 
Con cat Sone 


168, v/ (4a) (6.7) 


(¢%, bel on y re [Pear C2) ; 


-iTi= 


Thus, we obtain two equations of two unimowns, °.. and ¢* from which we 


determine the sought walue of ¢: , 

Changing, thus, from one interval to snother, we obtain not only the length 
of separate intervals of the decomposition of an argument and law of decomposition, 
but also, very important, the walue of conductance of the circuit on every interval 
which allows us in a number of cases inmediately to calculate resistance of serarate 
diode elements, and consequently, to obtain complete calculation of the circuit of 
the functional device. 

Let u. conside~ cpplication of the presented method to a concreate example. 

Exgeple. It is required to desing a diode functional generator for reproduction 
of functicn ¢ = Ole), with error of approximation, not exceeding + 0.25%. 

Diode elements are connected oily to the input. 

Current characteristic of feedback circuit is 


= V lous (6.8) 


Current characteristic of input circuit is 


1, = 0,01) 6. (6.9) 


Characteristic of ideal change of conductance of input circuit here is linear: 
¥, = 2" 0,027 4,,. (6.10) 
Second derivatives of given function will be a constant: 


AN) 0,027. (6.11) 


au 


Therefore, all segments 2, 4,,— se will be identical and equal to 


a = i. = i 
Cas el os 2= 204 ep 


A 


The total number of segments of the decomposition will be 


Cov mar oy 
a ON = (6.12) 


Graph of dependence (6.12) when 
fe: m1 = 100 v is shom in Fig. 82. 
As follows from the graph, decrease 
of permissible error below 0.1 wv (0,14) 
leads to excessive increase of the number 
of required steps of decomposition and, 


apparently, does not have meaning, since 





due to error, introduced by diode elements 


| 
themselves, total error here may not be 
| 





eve 7g eh ES ee lowered, and increases. 
+ fe AB ED OS GP 
th Pl Bo be a St a ---e When Car may = 100 Vv ani €o x 25 v 
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Fig. 82. Curve of de- (vertices of approximating polygon are 
pendence of number of 
segments of a decomposi- located on the ideal curve) 
tion on permissible er- 
ror of output voltage. n= 10, hy =lO¥v 


On basis of (6.5) we obtain breakdown of conductances: 
Y, = [2e,, mar (24 3 1) Aj O.O1Y,. 


where i = 1, 2,..., m — the number of the interval of the decomposition, starting 
from the section of the greatest steepness. 
In the considered case 


MY =, -- Vyoy =: 2h .01F, = 0,2), 


Since when ¢°.,=¢.. a: ~ 100 v, Yj = 1.9Y2, increases of conductance will be 
identical on all steps, except the last, and are equal for the first 9 inte-vals to 
d¥, .y —0.2¥, and for the last 4Y,=+:01Y, Quantity Yo we select, limiting the 
maximum value of resistance of a diode element to 0.5 megohns. 


Then Y, = 2107) moh, and 1° 2+10~ sho. 


2 
In Fig. 83 is brought the resulting decomposition o. the parabola for that 


value of Toe 


Ober 


a) 






Ogaur 20.01 ef, 








Fig. 83. Piecewise-linear approximation of quadretic 
dependence, 
KEY: (a) Mho. 
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when approximation is comducted cy 






ol rt! the lower boundary of the field of a.- 
. lowance, decomposition is carried out 
e ! also by expression (6.4), but in place 
= : of * we substitute its doubled value. 
| ’ Here 
OL Nite h, = 40 5 
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The total number of segments of the de- 
composition will be 


A= _ fon mat 
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we obtain 


Fig. 84. Piecewise~]inear 
approximation of quadratic 
dependence, when the points 
of switching are located on h = 400.353 = 14.12 v. 

the lower boundary of the 

field of allowance. Conductance on the first step when «,, 


r= Ty 


mae 


= 100 v will be 


Y, = 1.859 Y, 


1 


The increment of conductance will also be constant and equal 


(AY ,[,- 24-0.01K, GON, 


The increment cf conductance on the last step will be 


(Side ian hte bop O16 0ad,. 


The resulting decompcsition is placed on a graph (Fig. &). 
As theee calculationa show, if one were not to put additional requirements on 
limitation of the magnitude of the first derivatives, such approximation allows one 


to create a more econmical circuit, since it requires a smaller number of diode 


elements. 


Nee of presented method allows uo comparatively simpiy to determine required 
value of resistances of separate diode elements and the order of their switching on. 

Thus, for exasple, abovementioned decomposition of a quadratic function (see 
rage 171) shows that conductance of a circuit increases with increase of input sig- 
nal, and, consequently, diode elements should work om principle of switching on, = 


Conductance of diode element, switched on first, should be equal to 


(XY) = 0.1644F;, 


and conductance of the remaining six elements are identical and are equal to 


BY, = 0.28247. 


When Y. = 1°2075 mho, (AY); = 0164401075 mho, 3%, = 0.2824 x 1075 mho, 
Ry = 6.10109 ohm, Ry = Rz = Ry = Ry = Ry = ky = 34542105 ohm, 

If one were to use in the circuit diode elenents with potentially grounded 
diodes, then on the basis of (5.19) we obtain 


t AY, ees 


Substituting values of Sy, and oe. recoived earlier, we receive, when 


ont 


Cin *™ 30 W: 

(, oo}. 

f, = 695 kilohm 
% =: 36! » 
rye 244 » 
rye 184 > 
ry~= 148 

fF, 22 123.5 » 


The circuit of a square-law function generator for selected parameters is 
presented in Fig. 85a. 

In order to ensure work of equare-law fumection generator for both signe of 
input voltage, one must at the input of the ciroult conmmect an additional sign- 


inverting amplifier and two diodes, as show in Pig. &%b. With euch coupling of 
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especialiy on the last step, 

In certain cases 1t is expeiient to use the same dime circuit for obvaining 
direct and inverse functions, switching 1t tor this purpose from the input circuit 
to the feedback circuit of the operational amplifier. Here i. .s necessary to take 
into account error of approximation of the direct and inverse functions are con- 


nected by reiationship 


ae toy, : (0.33) 


oc 
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Pig. 35. Fundamentai circuit of square-law funce 
tion generators. 


Therefore, if breakdown is carried out by a direct function and if the latter 
has sections with a steepness less than one, then such breakdown can lead to axces- 
sively great error of reproduction of the inverse function during coupling of the 
diode circuit into the feedback circuit. In these cases there is recommended break- 
down segments of the direct function with a steepness larger than one, proceeding 
from ine fact that «,,--¢ and segments of the inverse function with steemess 
lese than one, proceeding from the fact that ‘., -! With such breakdcwm cf the 
axis of an argument error of aprroximation will not excel a given value of 
with coupling of the diode circuit both to the input and to the feedback circuit. 

If function ¢,.,.=-/(«,.) ids given graphically, then double graphic differen- 
tiation, necessary for construction of dependence 

oe = 7 (ea). 
leads to large errors, In this case we usually resort to graphic construction of 
the approximating palygon. For this nonlinoar dependence ¢,,, -+/ (:¢,.) or the 
current characteristic equivalent to it /,= -V,fiie,,) is depicted in the form of 


& graph on pillimeter graph paper in coordinates ¢,.. and e or I, and 


f.. So that graphic error is amall compared with error of approximation, it is 
necessary to draft the given nonlinear dependence by sections in magnified scale. 
Thea for every section there will be set a field of allowance (absolute error ©‘ 
or - e¥, ) and in the resulting tube are inscribed straight lines in such a way 
that on every interval chey do not g beyond the limits of the tube. The described 
method is illustrated in Fig. 8. 

During approximation by polygon with vertices, located on the curre of the 
given nonlinear dependence (Fig. 87), there resulte a certain increase of number 
of segments of the deccmpesition as compared with the preceding case. True, here 
error in reproduction of slope of given charecteristic somewhat decreases. Final 


choice among these methods of approximation can be made taking into account 
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Fig. &, shod of plecewise-linear ap~- 
proximation. 





Fig. 87. An other method of piecewi se- 
dinear approximation, 


<. Error of Divde Noilinear Generators 
As in study of linear computing elements, absolute error of nonlinear functional 
devices is determined as the difference of ideal and real values of atput quantity, 
acasured at. the seme moment of time during supplying to the device's input accord- 
ingly rer’ and ideal values of the input signal: 


Beer = Laur (io - lous ly (6.14) 


Hevever the abaclute error 4¢,,. obtained thus will depend on the value 


Of lor. at which it is determined, Therefore, for appreisal of accuracy of a 
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device here it is possibie to use the maximum value cf a particular prectics. eri- 
terion of accuracy: 

Paras = OS een 
or the integral practical criterion of accuracy (sse Chapter ITI, page 85). 

In cormection with the fact that the circuit of diade converters clearly do 
not contein elements, avle to store energy, and spurious capacitive and inductive 
resistances in the operating band strip of frequancies of these devices are neg- 
ligible, further consideration is comducted exclusively in reference to error of 
the ateady~state regime. 

Depending upon the method of physical realization of the fmctional device 
this error can be caused by various factors. However for most devices it can be 
divided into three main components: 

1) error, caused by errors in input signal; 

2) errer, connected with the given method of representetion cf the given non- 
linear function in the device (for example, error, introduced during plecewise~ 
linear approximation in the case of diode generstcrs); 

3) error of reproduction of approximated nonlinear dependence. 

Let us consider each component of error ir reference to diode functional gen- 
erators. 

Errer, caused by inaccuracy of input signal, can be estimated on the asswaption 
that the generator ideally reproduces the given nanlinear dependence (no errors of 
approximation and reproduction of plecewise-linear curve), 

With such consideration there are rejected srrors of the second aad higher 
orders of emellness and results turn out to be correct for any func’ ional device. 
In fact, if there is given: ¢..=/(-e,,.) then 


Mate) sy (6.15) 


Cr a 


se 


= ty 


Out 
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Ate)? 
DS =< BF pax axe . | pte a 
Cae Teese oe mee 
aS) 
or 
Ses (6.16) 


where S, is the steepness of the given function. 

Thus, relative error, caused by inaccuracy of input signal, will be greater, 
the greater the steepness of the nonlinear dependence to .» repreduced. 

In case of use of a diode functional converter, for which a given nonlinear 


dependence is realized simultaneously by connecting a nonlinear resistor to the input 


and feedback circuit, we receive 





ah (6.17) 
Nee tee SES. Apis 
‘oer dl, wx? 
demux 
relative error is 
S 
8 eus SS 3 Rees. (6 018) 
‘ 
dt, 
where S,;, = 4 te — is the given steepness of the current characteristic of 
d os I 
Cex mas 4——* 
input circuit, S$), == ar a “) — the given steepness of currert characteristic 
aft -—_ 
fou max 


of feedback circuit. 


ds follows from expression (6.18), relative error in output aignal is greater, 
the greater the steepness of current characteristic of the input circuit aod the 
less the steepness of the current characteristic of the feedback circuit, Since 
in feecrack circuits there is realised a function, the reverse of the given one 
(and usually realisable at the input), then by simple transfer of the diode circuit 
into the feedback circuit we can not lower the error from inaccuracy in input 
signal. 
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Daring reproduction of noniinear functions with value of steepness higher 
than 10 one should present rigid requirements on accuracy of the input signal, 
and consequently, to lowering of error of other computing elements of the installa- 
tion. Thus, for example, when S, = 10 and ‘¢,, = 1% we obtain ‘¢,., = 10%, which 
in a musber of cases can be impermissible. Therefore,electronic analogs, intended 
for solution of nonlinear problems, should be, as a rule, supplied with operational 
amplifiers with autumatic stabilisation of zero level and in them should be thorough 
"ground insulation" (ses Chapter IX, page 289), and provided other measures of in- 
creasing accuracy. Let us turn now to consideration of error of plecewise-linear 
approximation. Selection of the quantity of permissible error during piecewise- 
linear approximation is an independent and fairly complicated question. Here we 
will limit ourselves to onl, several remarks. 

Practice of constructiva of specializ~d functional converters showed that for 
many conversions error of approximation « = 0.25 vor “ = 0.25¢ gives total error 
of the order of 0.75 — 1% during reproduction of a given function with steepness, 
not exceeding 10. Decrease of the quantity lower than the show meaning leads to 
sharp increase of the required numbur of segments of the decomposition of the argu~ 
ment, and consequently, to increase of the number of diode elemente and loss of 
total accuracy. 

During reproduction of functions with steepness, exceeding 10, error due to in- 
accuracy of input signal becomes so great that it is possible without sacrifice ¢ 
of total accuracy of the device to increase the permissible value of « and to re- 
ceive thereby economy in the number of diode elements. It is rational to select 
by the relationship, 


te = 3 15,1. (6.19) 


Then when ¢,, = 0.18 ad S, = 10 we wll have «= 0.25%, 


Error of reproduction of approximated nonlinear dependence during coupling of 
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circuits of diode elements to the input and in feedback circuits of an operational 

amplifier will be determined by error in value of currents, sent by these circuits 

to the integrating point of amplifier. Indeed, if given nolinear dependence 
Cour = */(5e,,) Le reproduced by current characteristics /,=+/\(.¢..) and 

/,-- «sf, l@ya then in the worst case total error in output voltage will be 


dear dean ($20) 
Msas = “a t “an Me 


deo 


Hers ran and “al, have ideal meaning, given by piecewise-linear approxi- 
mation. Including the error in these quantities would not change the result practi- 
cally, since here there would be considered only error of the second order of 
smallness, 


Relative error here will be 


. . \ 
bu = 3 (Af, + Oh) (6.21) 
since 
_ dems Sh 
5, = “dex Sy, 


Thus, to explain total error of a functional generator from inaccurate re- 
production of the approximated characteristic, it is necessary to know, besides 
steepness of current characteristic Sto also relative errors in output currents 
of diode circuits, coupled to the input and feedback circuits. Since determination 
of error of diode circuits with respect to output current does not depend on the 
place of coupling of the diode circuit, then in the future it is conducted for cir- 
cuits, switched into the input circuit. For circuits, switched into the feedback, 
it ie possible to use results received, accordingly replacing the index for current 
and voltage. 

Besides error, introduced by diode circuits, an integrating cperational an- 
plifier also introduces error from sero drift. During use of amplifiers with 
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automatic stabilisation of sero level this error as compared with others can be dis- 
regarded, 

The main part of error in output current of diode circuits consists of syse- 
tematic errors, caused by inaccuracy of selection of resistances of separate diode 
elements, change of current of incadescence, influence of internal resistance of 
dioies and their resting current Ps) , inaccuracy of setting of the quantity of 
reference voltage, influence of change of temperature. 

Error of the circuit of a diode converter can be found, knowing errors intro- 
duced by separate diode elements, from which the circuit is composed. Therefore, 
we will conduct an analysis of error for every considered type of diode element 
separately. 

As was shown earlier, current of a diode element with potentially grounded diode 
can be found from expression 

R, 


Sax — fon 7 


Ye 


whence absolute error in current, created by one diode element will be 


aly aly Me, + (6.22) 
ay Caen ant ( er bcm 
‘ . 
+ (ae dee ¢eeane + I (€2.:): 


where /,(e* ie the resting current of the diode; 1, i7,, \¢,, — change of re- 


sistances Ry, ry and reference voltage 0: {R,).. (7), = values of resistances, 
received from calculation of plecewise-linear approximation. 


Proceeding to relative errors and expanding the value of expressions oie a ‘ 
of 


ue 
et we receive 


and 


Fee eee ee __ onda > / ty 
= (Ride twas R, Cra A as . on + 7 


4 (rik 4, ait 4, rr 








Resting current is the current, flowing through diode during sero difference 
of potentials between plate and cathode. 


Relative error of resistances R; and r, in turn can be pr....... < as consisting 
of three components: one, determined by inaccuracy of selection of resistances 
CR. “Fo! the sseond, caused by change of resistance of diode during change of 
current flowing through it and oscillations of current of incadescence (°R,,. “7,,). 
and, finally, third, caused by change of resistances under the influence of change 
o” ambient temperature  (UR.w. 47...) 


Therefore, 


BR; = 6Rin 49R.44 Rw, tr, Ir. 4 Wert Olin. 


Quantities ‘Xk,, amd 4r, are determined by allowance for selection of 
resistances. During use of resistors VS and MLT, having factory allowance + 10f, 
usually selection is carried out with accuracy of 0.25%, applying for decrease of 
error coepound resistors (two). Resistors R; and ry are best select with allowance 
ef one sign. In accordance with expreseion (6.23) this should give certain decrease 
of total error. 

Error due to change of ambient temperature can be determined fram axpressian 

RRs iry= 218 20), (6.24) 


where « is the temperature coefficiext, equal for VS and MLT to ~2.107?—+- 
in the interval 4 fran + 20 to + 100%. 

In spite of comparatively large «1 influence of change of temperature from 
20 to 60° C is small, since changes of ‘A,. are compensated partially by change 
of ‘s.. amd, furthermore, resistance in feedback circuits changes in the same 
relation, so that with changing input current current of the feedback circuit, 
also changes, and voltage at output changes little. 

The most essential component of the considered error is caused by change of 
resistance of the diods during operation. This component of error can be found from 
relationship, brought on page 154, in the form 


3R,, = or, a ar, (= - ic) 
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where 47, is the wmaximam deflection of resistance of diode from the value of 
7, = 600 om taken for calculations. 


Considering that 





ram as 
oz 
we receive 
ar, [eh 


In Fig. 88 are brought the curves of 


aR, = Wes = J (Ra) 


o 
Pont 


where 4r, = 200 ohm and various relationships 
From the curves it follows that for considered diode elements error ‘Rf, and 
“r,, grows with increase of <«° and when sks = 200 Kilohm it can attain mag- 


ow 


nitudes of the order of 0.4 — 0.5%. 
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Fig. 88. Curves of change of errors *. 
and *,, depending upon “i. 


Error due to change of magnitude of reference voltage is proportional to 
relative changes of this voltage. Therefore, accuracy of operation of a stabilised 
rectifier for reference voltage should be not lower than 0.1 — 0.05%. 

Resting current ie developed at the moment of unlocking of the diode element 


and usually leads to lowering of jueps of the first derivative at the moment of 
tching. 


It was experimentally fixed that during change of R, and r from 50 kiloha 


i 
to 1 megohm and filament voltage from 4 to 6 the resting current for diodes of 
type 6D6 oscillates from 1 to 8 microazperes, 

Taking into account the remarks made ami disregarding the resting current 
for the worst case, where signs of ‘? and ‘c,, are opposite to sign “,. we 


receive for maximus relative error of the diode element the final expression 


fer mar tar, ( e8,, \ (6.26) 
- Fy nat Ran Rial + Rew} Ryn Cos , J + 
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From expression (6.26) it follows that relative srror in current cf diade 
element increases with increase of -¢ e' , the staspress of current charac- 


teristic = iF, — ‘- of the considered diode element and changs of reaistance of 
the diode 1’, relative to arerage calculating value. 

Results of determination of error for other diode elements, received, by the 
above-stated method, are given in Tahle IV. 

Comparison of these results allows us to make the following scomiusione: 

l. The influence of internal resistance of diodes and inaccuracy of eaiec- 
tion of resistances for diode elements of limiter type, assembled by diagrem II, 
is significantly less than for diode elements with potentially grounded diodes, with 
increase of -" other conditions equal, error from °‘, decreases, whale for diode 
elements with potentially grounded diodes it increases. Influence of inaccuracy 
of setting of +, shows culy during the turned off state af a diode element of 
limiter type. ln commection with this it is expedient during construction of 


circuits for -¢,,°-¢. to use diode elements of limiter types, asemmbled vy diagras II, 
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2. Diode elements of limiter type, working by diagram I, do not give essential 
advantages with respect to lowering of error when compared with diode elements with 
potentially grounded aiodes. 

3. For ail circuits without exreption error increases with growth of the given 
eteepneas of the current characteristic of the diode element, 

Since total current of the diode circuit, send to the integrating point, is 
equal to the sum of currents of separate diode elements, then total error of the 
diode circuit can be calculated for the worst case as the sum of errors, introduced 
in the current by evary dicde element. Thus, for ex.aple, for diode circuit (Fig. 
85a), consisting of diode elements with potentially grounded diodes, total relative 
error till be maximm, when all dicde elements are switched on: 
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When in the circuit there are used diode elements of limiter typs, then it is 
necessary to consider error, introduced by diode elements, in bot om and off state. 
It is necessary to seek to build a circuit of nonlinear converters, so that tne 
number of simultaneously "on" diode elements is minimua, 

Total error of a functional device can be calculated by expression (6.21) and 
vaiues of +/, and ‘/, found as soom. 

3. Methods of Cometruction cf Circuits of 
~~ Diode Functional” Generators 

Ae was show above (see Chapter V, Section 3, page 156), parailel cormection 
of various diode elements does not ensure poesibility of reproduction of a suffi- 
ciently broad clase of functions. For the purpose of expansion of poesibilities of 
diode circuits it is neceseary to apply artificial methods, for exammle shift of 
current characteristics by conmection at the integrating point of an acditional 
constant current component, summation of current characteristics of seperate diode 


circuits and so forth. Nowever u‘tes, for reproduction of steep functions one mst 


have carrent characterietica with great steepness and increase the number of sisul~ 
taneourly working dicde elements which unfavorably affecte accurecy of work of the 
considered devices, 

We will estimate the limit of the given steepness of current characteristics. 
Taking as base quanti.i@8 tj ijg Signe | MG. Coe max = Cows. mat = 100 v and linit- 
ing limits of resistances in circuits of input and feedback to quantities 1° 1d) ohs 

<R< 5 megohm, we receive 


002<S5< 10. 


When in input or feedback circuits there is connected a constant resistance, 


the steepness accordingly will be 


When the ‘iode circuit is connected only at the input, Sy, = 1 and 
« 
Se = — Sy. 


i.e., steepness of current characteristic of diode cireuit should be equal to the 
steepness, given for reproduction of the function. 

Since steepness cf current characteristic of diode circuit by conditions of 
physical realization is limited as indicated above, then the class of functions, re- 
produced by such functional device, will be limited by these limits of change of 
steepness, 


During connection of the dicde circuit only in the fvedback circuit 


and tno class of reproduced functions will be limited by conditions 
S,>0 w 0,02 <S, < 10. 


Therefore, such functions, as, for example, eee which within limits 
of change C.l vo < %: < 100 v give change of steepness -—~- 1000 <S,< — 9,001, 
cannot be in general, reproduced with such a method of connection of diode circuits. 
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It ig possible to offer a mmber of methods of synthesis of dicde elowents, al- 
lowing us to reproduce a given nunlinear dependence with steepness, varying in a 
wide range. These metheds allow us to make diode converters in such a manner that 
eteepness of current characteritics of separate diode circuits doez not go bsyend 
permissible limite and taat it ia provided by the least number of similtaneously 
switched~on diode elements. They are based on the sarlier derived dependence 


(6.18), which tan be written in the form 


5; ; {6.27) 


Quantity Se and the characrer of its change in functions ef the input signal 
usually are given by the initial nonlinear dependence and the problem consists in 
auch distribution of quantity Se between >i) and Sto» so that each of them does not 
exceed permissible limits. During simultaneous connection of diode circuits in 
input and feedbacks steepness of the given furction 5,, as expression (6.27) shows, 
can bs realized by 7) and “Ig where each of them wili change in a narrower range. 


aux > a the method 


We will show in the example of reproduction of function ¢ 
of determination of current characteristics for circuits of nonlinear converters, 
utilized simultaneously at the input and in feedback circuits. 


Characteristic of steepness of the function for the considered case will be 


For the purpose of decreasing steepness St) and St, as compared with S, we will 
decompose expression S, into factors. Such decomposition can be very diverse. Re- 
jecting decompositions leading to increase of the degree of ¢,.. we receive a 
number of possible variants: 
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Hence expressions for steepness of current characteristics accordingly will be: 


i. Si 32-7 =z: 


: > ~ Ss: V @es , aS _ at 4 Oeew: . 











Current characteristics can be found by integration of expression Sy) and Stoe 


Indeed, when I, max = I, max =] ma and Ses. mas Sous. = = 100 v: 
"ex 
1,=0,01 J S,, de,, [4a], (6.28) 
*ea.0 
“on 
1, = 0,01 f Si, dO sus | #41. (6.29) 


out. 


Here @ar a and e.., ave initial values of voltages of considered sections 
of current characteristics. 


Values of Sty Sto: ub and I, and limits of change of Sty and S, with change 


I 
of ¢,. and ‘sn. in the interval from 0.1 to 100 v are brought in ue V. 

Comparison of results, brought in the table, shows that in all three cases 
limits of chavge of steepness of St and S15 are significantly narrower than limits 
of cuange of steepness S, of the initial nonlinear characteristic. Such an approach 
actually leads to functional generation of initial characteristics, indicating at 
the same time a regular way of finding the form of the generation. 

First variant of generation of current characteristics one should recognize 
as the most rational, since it allows us to use identical circuits of nonlinear 
converters at the input and in feedback circuits. 

On the basis of expression (6.27) there can be offered another method of re- 
production of a given function with a wide range of change of steepness, with 
which the given steepness of the current characteristics of the diode circuits does 


not exceed one, Essence of the method consists of the fact that the given function 
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by steeoness is broken down into two sections; in general on one the steemess will 
change from 0 to 1 and on the second from 1 to 

Reproduction of the first section of the curve one should place in the diode 
circuit, connected at the input, the second section, on the diode circuit, coupled 
in the feedback circuit. If one were now to make these circuits work in that se- 
quence, with which change of steepness of the current characteristic at the input 
occurs with constant steepness of the feedback circuit (equal to 1) and, vice versa, 
change of steepness of the current characteristic, coupled in the feedback circuit, 
is carried out with steepness of the input current characteristic constant and 
equal to 1, then this task will be carried out. 

As an illustration let us consider reproduction of function e¢,,,= 107! e. 


Steepness of the funct‘on will be 


de - s 
S,=-,M=3:10%H = os 


e = >), 


’ 


Se reaches one when ¢,, = oe = 57.8 v. 


Consequently, up to ¢.= 57.8 v the given curve should be reproduced by 


diode converters reformers with current characteristics 


ooo Sel. e, (6.30) 
and 
by == fou (6.31) 
wherein «= ° 
quantity .> +, we determine from the condition that on the considered in- 
terval of change of argument S;, = 100 - wa: - 1 Sinee “a vin, then», -=>,= 0.01 
On the boundary of the first section Nip =~ 0.192 wa, and /s.4.7 9192 wa 


On the remaining interval of change of argument, i.e., from «°.. = 57.8 v to 10 v, 


Sy, =—l,and Syd. 


CY 
Current characteristics on this interval of change of the argument can be 


1 


found by integration of corresponding characteristics of change of steemess. 


Indeed, Sy, = 100 #1, whence 


dtu 


A= -, rpes + 0.01 (e,, — eos. rpen) I. (6.32) 


Since 


y= Is rpea t+ VOOM pag — SP (6.33) 


The graph of current characteristics received thus is show in F’g. 89. Fnox- 
ledge of the law of change of current characteristics and their steepness allows or.9 
moet rationally to select types of diode elements, For a circuit, connected at 
the input, it is rational to use diode elements with potentially grounded diades, 
working on switching on, After  ¢..=s::ye all diode elements of the input circuit 
should be switched on and should provide the given steepness of the input current 
characteristic, equal tol. In feedback cireuits it is rational to use dicde ele- 
ments of limiter type, working on switching off by diagram II. When ¢,. ~ ¢.. iy 
all diode elements are connected in the feedback circuit and preride a steepness 
S15 =1. By measure of increase of -,., diode elements are consecutively turned 
off, 

A complete fundamental circuit of the considered nenlinear generator is showm 
in Fig. 90. In it is foreseen the possibility of work with two signs of input and 
output signale. 

The number of diode elements and their parameters are determined on the basis 
of pilecewise-linear approximation. 

In certain cases lowering of the steepness of current characteristics of dicde 
gemeretors, coupled only to input, can be carried out aleo by preliminary ehift of 
the curve of differential eemdiuctance a constant quantity and cemectien to the 
input signtl of the equivalent constamt compensating conductance. 
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Pig. 89. Current characteristics of the nonlinear 
generator of «,..-10-'.«), 





Fig. 9. Fundamantal circuit of nonlinear gen- 


erator of = -...- 10-4. ,2. 


Let us imagine steepness S;, as consisting of sum 


os, ~ Ste TT Si: (6.34) 


$i, oa 5;. Pan S;,,. 


Thes, if S, St, does not ciiange eign on the whole interval of change of the argument, 
then steepness (5 '< 5,5! Such @ ahift of the characteristic of differential 
steepness of a constant quantity is equivalent to turn of the current characteristic 
a certain angle. It is obvious that the greatest lowsring of steepness when *r, =] 
constitutes *. Therefore, by such method one can obtain current characteristics 
with steepness, not exceeding one, enly for a quadratic function. 


Considered methods of lowering steepness of current characteristics remain in 
force also during reproduction of normontonic functions, Of specific is reproduc- 


tion of a *~igonometric function of the form 


£ 
Cons == 100 sin {0p for 


Characteristic for steepness of this function will have the fors 


S, = C98 Tos tus. (6.35) 


Steepness will be positive in the interval 0<¢,,<50 v and negative when 
5SOv <e¢,< lly, 


According to (6.27) we obtain 


5, (6.36) 


t 
=tos we fa 5, ; 


As expression (6.36) shows, reproduction of this function can be carried out 
both by connecting a nonlinear converter to input, and also in the feedback circuit. 
Im the first case 


S;,= - ncos Ww fos: (6.37) 
S$), =<}. 


Here the maximum given steepness of the diode circuit at input will cemstitate 


~ 


Sime #22 


Pa AE * 


j 
i 
i 
{ 








In the second case characteristic for steepness St> 


S, =-—2 Ee ei es 


= CO8 an Og, wy (Cee y 


100 





is decomposed depending upon the value of the voltage of the argument on the three 


sections (offered by A. A. Maslov). 


When 


O0<-e,, < 47.4 . S;, Sar 08. 


* 


Oo< Cous < 99.6v §S; = 


oe fos 


AVVce, <329V S, =0. 
99.6 < tau < 100 v Si. {Sian oS 
“Vie 


OR 
M6 \e 
iu ) 


52.9 eg, <1OUV S$, =204, 


0< ¢, < 99.6V 31, = 


Wie(ial 


Introduction of average interval is caused by the fact that steepness of initial 


nonlinear characteristic when -,, = 50 v turns into sero. It is expedient that Se 


turns into sero not due to Sr, seeking infinity, but due to passage to oT = 0. 





Pig. 91. Grapn of current characteristics of 
functional geperetor for reproduction of func- 
tion «wwe 6 
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Fig. 92. Pundamental cireuit of double fumec- 
tional generator for reproduction of functions 


. 
iw ‘ea and +, w “er 


KEY: (a) Circuit. 


ou * IW sin 


Current characteristics, found by integration of above mentioned expressions 


oa Cont. 
4, = ~— arcsin nT (6.38) 
- 0,008e,, when Oe, < 47.1. 
I, =| —0.377e, when H.<e,, £829. (6.39) 


— 0.377 + 0.003 (¢,, — 52.9) when 52,9 - #4, NS LUG. 


The graph of theee charecteristics is show in Fig. 91. 
To obtain function ¢,.,:= [cos i ¢,, it is posaible te use the same curreat 
characteristic L- Current characteristic of input eircuit should be to the left 


50 v. The fundamental circuit fo Cumctional camverter, intemied fer repreducti«aa 

of theee functions, is presented in Fig. 32 (V, A. Trapesnikov, B. Ya. Kegan, V. V. 
Gurev, A. 4. Maslow (1)). Here circuit I (pailt om dicde elcmate with potentially 
grounded dicdes, working on ocitehing on) reprodusce current characteristic I>, and 





circuite IJ and III reproduce current characteristics L» correspondingly for 
reproduction of function 
fear = 100 tin 


Coug == 100 cos wi 56: 


In circuits I and II are applied double diode elaments, where in circuit II for 


construction of double diode elements are used diodes which commtate sign. Diode 
{3 comron for circuits IT and ITI. 


4k. Diode Fiametional Generators of 
Two_or More Arguments 





The neceseity of reproduction of functions of two or more arguments is usually 
met during solution of various ballistic problems, investigations of systems of 
control of flying objects, for which coefficients of maments, lift and leteral 
aerodynamic forces are functions simultaneously of angular displacements and Mach 
numbere, in complicated intercommected systems of automatic control of industrial 
processes, in systems of automatic adjustment and contre], designed for maintaining 
an optimm regime. 

Punctions of two varisnoles can be dirertly reproduced by three-<iimensional 
cams (NM. “e. Kobrinakiy (1]) or their electric analrgs (H. F. Meissinger i1;). Sow- 
ever, application of these devices usually requires realisation of mochznical dis- 
Placements which causes sharp retuction of the pasebund. Their manufacture is 
extraordinarily labor-consuming and is cormected with great axpense., 

Functions of three and more variables gemerally camot oe reprodwed in uch 
a manner. Therefore, we usually resort even in the case of a fwmetion of two variables 
to various methods of appraximation with the help of combinations of functions of 
only one variable, 

For fumctions, given in table form, it is poesible to use decomposition 
(EB, W. Pike and 7. R. Silververg (1)}) of the form 


ft4,. ype gird + Ary) + wera ty,) + Cin Mivie .. (6.460) 


Here it is aseumed that the mean value of function f(x, y,) equals sero. If the 
mean Value o the function does not equal sero, then it can always be brought to such 
a fora, wabtrecting from every tabular value of the function its mea. value 
Fal \ Fix, y¥) of argunmts x, y, it 1e aseumed that they are camected 
caly by Beas of addition and subtraction. With these assumptions series (6.40) 
turns out to be convergent. 
The desired functions of the expansion are deterwined from the condition that 

the sum of squares of errers of approximation iz minimus. When approximation is 
comducted only by the gum of fuactions 


f(x. a) = 84) 4 Aly. 


solution of this variational problem leads to the following expressions for B(x, ) 
and h(y4): 


I 
BO aia OO (6.41) 


fey. y,). 


~L4%a “LG 


A (y,) oe 


where a is the maumber of values of y in the table, m is the number of values of x 
in the table. 
In case of use of more complete decomposition 


f(a, yp = BUD + ALY) + BORDA) +H (6.42) 


values of functions g'(x,) and a'(y,) are determined by solution by successive 


approximations of the system of equations 


a - ; 
ae Ree y,) Ray) oe Rtt, ye 4) (6.43) 
€ ity — —_ — See “8 a’ (y,) Tee ‘ai wee ee 
Boyt dient 
t 


where 
R(x, ype flx,. y)) 7 lg (x) + Aly). 


System of equations (6.43) is a result of minimising the eum of the squarse 


cf errors during approximation for R(x,, y;) with the help of 


B'(x,) A" Ly)). 


Designating error of this approximation by 


R(x, YP = RY. YY) BUDA OY) 


it is possible to approximate it in turn oy product g(x, ) n"(74), and find function 
g"(x,) and h"(y,) by minimisation of the sum of the squares cf resulting errors. 

Appraisal of acsuracy of approximation can be made by the value of the mean 
quadratic deilection, which is determined as the square root of the ratio of dis- 
persion of the last remainder to dispersion of the original function 


x wy R- e : :, aera (6.44) 
/+ eel (oo: 4 
a a ¥ ¥ met my) 


Thus, for the given f(x;, y;) we find functions g(x,), h(y4), g'(x,), h'(y,), 
etc, for fixed values of x;, Ys During reproduction of the found functions by 
diode converters it is natural to use linear interpolation between tabular values of 
the found function.. 

This mthed is useful for representation of functions of many variables, which 
here are reduced to functions of one and two variables (seo for more detail E. W. 
Pike and T. R. Silverberg {1]). 

Functional diagram of a functional generator for a function of two variables, 
using the decomposition (6.49), is showm in Fig. 93. As follows from the figure, 
with such approcimetion there are required six functional generators, two factor 
devices and one adder. 

To a somewhat different composition of the required equipment leads considera- 
-ion of given function f(x, y) by sections for given fixed values of y,;. In every 
section here we get a function of one variable £4(x, Y;)- 


Transition from £ (x, yj) to the curwe cf the following section can be carried 


206-6 


eut by application of one or another intepolating function. Usually here thers s 
used linear interpolation. An exemple of such electromechanical device, mde ith 
functional potentiareters, is show: in Fig. 9%. 





Fig. 93. Functional diagram of func- 
tional device for reproduction cr 
functions of two variables, 
During application of dicde generators for reproduction of each function 
fj (x, y;) it is necessary to resort to their piecswise-linear approximation. Here 
transition from one function to another is best carrie? out by "triangular funce~ 


tions. n* 


Skeleton diagram of such a converter is shown in Fig. 95. 
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Fig. 9%. Skeleton iiagram of electromechan- 
: ical device with funciional potentiometers 


for reproduction of a function of two vari- 
bles. 








#A. A. Fel'daws and A. I. Manukhin, Elsctronic apparatus for obtaining functionr 
of two variables, Auth. cert. No. 100891, priority from October 16, 1951. 





: ay y) 


Fig. 95. Skeleton diagram of functional 
generator for reproduction of functions of 
two varibles, 
Variable x moves to the input of diode functional generators designed for re- 
production of functions file. y;). Voitage, representing in ths device the value of 
these functions, is passed accordingly through dividers 3,i)). 50 that at the out- 


put of each divider we obtain the product cf 3,(y)/, (+. y,). where “4 ! 


t 


These products then are swaned so that the output quantity will be equal to 


“ (6.45) 
2= Maiy) fix. y). 


Functions 3,‘y) have triangular form. Thei. form is shown in Fig. %. 


When y =y,a(y)—1, and a,(y)= 0, therefore, z = £)(x, y)); when 


¥Y--¥, 3tyy- 0, and ayy: I 


s = f,(x, yo). 
In the interval between y} and yo 
B= AWS lx. Wt BWOV/gUH. Ya) 


If one were to fix a certain value x = x), then during change of y inside the 
considered interval, s will change linearly between values s, ~ £) (x), y,) and 


oe] = fo(x), Y2). 


-210- 


ai) 


2,/y) By (y? Bon ty) 

=a as Lem 
prt vy \y 

: ¥ y \ 

Y ogn \ 

vA vilyvly 
MLW WiKi 


wo 34 b 
~% ee 44, 








Fig. 96. Graph of function a)(yb 
Thus, application of “triangular” functions also leads to linear interpolation, 
Here as can be noted from comparison of Figs. 95 and 9%, in reproduction of given 
function simultaneously participate only two adjacent functional generators of 
f(x, y;) which signit.cantly reduces total error as coupared with the above- 
considered method cf representation of a function of two variables, with which 
there must simultaneously work six functional generators and two factor devices. 
The fundamental circuit of such a functional generator, developed by A. A. Fel'dbaua 
and A. I, Manukhin [1], is shown in Fig. 93. Here multiplication of f(x, y,) and 
1,(y) de carried out by a device based on the time-pulse principle. Quantity y 
will be converted in the relative duration of pulses, controlled by connection of 
outputs of separate functional generators ¢//,... o/1, *) by diodes BU i oeeceteek 
to the integrating point of output operational amplifier 1. Control occurs in 
such @ way that with increase of y within limits adjacent sections dy, and jy, 
the relative duration of switching on of 4//, at first grows from sero to one, 
and then toward the end of section ),,, again falls to sero. Here the mean value 
of voltage at the output of integrating amplifier 1 from this functional converter 
will change according to the law of the triangle. Control of diodes J, .... 1 


“Functional generators */),, . ?/7, consist of separate dicde elements 
(eee page 142), whose currents are summed by amplifier 1. 


sie senteeme oe oS 
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is produced in the circuit of Fig. 97 by triggers Ty» Toyeee, Tre Voltage, repre- 
senting variable y, is fed to auxiliary amplifier 2 through resistance h).. Re- 
sistances of feedback for this amplifier are resistances R), R.,+0-, Ry» coupled 
to plates of triggers, having potentials Ui, Wawa Un. Output voltage uS of 


Tir Rayo 7 Brazesee? Bon > Mee, 


moves to grids of the triggers. Here also move reference voltages (Uo)» U 


amplifier 2 through voltage dividers Re —R 


02? oeey 
Uon) from divisor 2H and voltage U, of sawtooth form with frequency of the order 


of 1000 eps, 


In the absence of an input signal the reference voltage displaces voltage U, 
so much that not one trigger works. In this position on some output of triggers 
there will be large positive potentials U> Unyeces U,» and on others negative 
potentials Ui aes u.. Resistances R), Ro, R'3 and R',, of the circuit of auxi- 
liary commutating diodes 7, are selected with such magnitude that here both diodes 
are locked and at points My» My seoes M, of the circuit there is fed a positive po- 
tential, As a result all diodes -7,. -7;......1, turn out to be locked, and on the 
output of the integrating amplifier voltage is sero. With increase of input voltage 
resuitant voltage reaches the threshold of operation of the trigger. This occurs 
at the end of the period of change of voltage U, first on the grid of trigger T> 
whereupon the trigger is switched on ior very short interval of time «= (Fig. 98). 
With ewitching on of the trigger potential U, becomes negative and both diodes x? 
are unlocked, fixing here, the potential of the ground at point M,. Diode l, is 
unlocked and voltage, representing function f)(x, y\)» passes to amplifier 1, With 
durther increase of y the time of the ewitched-on state of trigger T, increases and 
when y = y) it equals period T of the change of sawcoth voltage (’,. Further in- 
crease of the input signal leads to operation of trigger TS at first for a very 
short interval of time. With switching on of the second trigger diodes /. are 
locked and diode 72, ie locked. Thus, with increase of input signal above yy 


relative duration of switched-on state of diode -/, starts to decrease. The 


remaining parallel circuits work similarly. 











Fig. 97, Fundamental circuit of functional 
generato::. 
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Fig. 9@. Explanation of work of circuit of conversion 
of output signal into relative pulse length. 


With the help of fesdback through resistances R), R2,..., Ry we can setabdlish 
proportionality between input eignal and variable mean value of voltage at output 


of triggers, and consequently, the relative duration of switching on independently 
of variation of parameters of the circuit and linearity of change of voltage Une 
Capacitors C and C. are connected to decrease the variable component in output 
voltage. 

A deficiency of the considered circuit, besides largs volume of required 


equipment, is also the comparatively small passband, which is limited, as for most 





systems based on the time-pulse principle, to a frequency of 10 — 15 cps. 

Of great interest in this connection is study of the possibility of use of 
the previously considered diode generators of one variable for reproduction also 
of functions of two variables. 

If in these generators we make the reference voltage variable also, then there 
can be obtained a family of nonlinear dependences with parameter ¢... If we use 

: a functional generator with potentially grounded diodes, then during linear change 

: of reference voltage in function ¢.;(¢..; represents the second variable) there 
results a family of equidistant nonlinear curves. This follows the fact that for 
diode elements with potentially grounded diodes change of reference voltage dose 
not .ead to change of steepness of the current characteristic, but only to its paral- 
lel displacement. If one were to change ¢.. according to a certain nonlinear de- 
pendence ¢.. =K'‘:) then it is possible to seproduce a more complicated func- 
tion cf two variables. In Fig. 99 is brought the family of curves and circuit of 
a diode functional generator for their reproduction.” 

As it was shown in the work of Meissinger, in general during reproduction of 
an arbitrary function of two variables it is necessary to change reference voltage 
of every diode elemem. by ite om law depending upon -,,. Therefore, for exaeple, 
with 10 diode elements there will be required ten auxiliary functional generators. 





*The figure is borrowed from the work of H. F. Meissinger (2). It is necessary 
to note that this circuit posseeses the deficiency that toward the end of the scale 


of the argument all diode slements turn out to bra switched-on in the circuit. 


However thorough analysis of character of flow of functions given for reproduction 
vy separate sections allows us to reduce the number of required functional genera- 
tors by feeding from one functional generator £,/'f..2) of those diode elements, 
which participate in formation of sections of the curve, having identical steemess. 

It is most convenient in studying the initial dependences to use the method of 
isoclines receiving wide use in the qualitative theory of differential equations. 

Determination of functions of reference voltage ¢,(¢,,,). .... £.(¢,,. its required 
for reproduction of e given function of two variables, can be carried out in the 
following manner: the function given for reproduction ¢..= -/li¢a: 2402! will 
be placed on coordinates ‘en: 11 oF fonts “ar> for various fixed values of 

(¢..2), in the first case and of i...) in the second, 

By one of the curves of this family are determined current characteristics of 
input circuit of the operational amplifier and “eedback circuits, which are subjected 
to piecewise-linear approximation, and then there is determined the number of diode 
elements, their type and operating regime and swituhing voltage. 

In case of application of diode elements with potentially grounded diodes for 
the i-th diode element on the basis of (5.19) this equality ie enrrect: 

merck i (6.466) 
where iis the number of the diode element, j — the number of interval of decom- 
position for variable ¢..: 

Since {rom approximation of the given curve we mow ¢' for every fixed value 


wut 


of (J, them, consequently, we know the relationship 


= (6.47) 
Wii = £,[l¢.2),} 
Substituting (6.47) in (6.46), we find 
Coat 7 8, (lg) = a: é. 1443)! 
=2iS— 
ae te af Ss al 





Lal Fe 


! [ : 





*1——fea} _ Gee aacss ay 
oe — 





Fig. 99. Fundamental circuit of functional generator 
of two variables and the family of nonlin:ar depend- 
ences reproduced by then, 





$e, 


Fig. 100. Grepkic asthod of determination 
of functions ¢(-..,} 


In Pig. 100 is brought a methed of determinatica of these functions (H. F. 
Neisainger (2)), based om graphic construction of relationship (6.46). 

Distance CO in a certain scale represents a unit of relative reeistanee. 
this straight line we mark point EK, in such a mamner that distance CE, is equal to 
hiv, Passing straight lines, comecting points K, amd (1, (for ome and the 
same diode element, but fo varices values of (¢,,,)) to intersection with a straight 
line, parallel to aris ¢,,, emi passing from it a distance CD, we will receive 
the desired values of «¢.., This directly ensues from ‘he similarity of the tri- 
angles thus obtained, Making like construction for swltehing voltages of the second 
diode element, we find for it the function of the reference veltage. 

In many cases with proper selection of ms suitching veltages ef 
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separate diode elements will be so connected among themselves that functions ¢ /¢,,.) 
will appear to coincias. Sxecuting grephic construction in reverse orser, there 
can found by the given cic...) for one Jiode elemnt the ewitching voltages for 
tne remaining. 

The presented mrt.:od of reproductions of functions of two variables can be 
extend.d also to functions of more variables, if as tne function of the reference 
voltage we use in turn a function of %4wo variables, 

Material brought in thie paragraph’ show thet the problem of reprodiction of a 
function of two or more variables presents great difficulties. Presently known 
solutions lead to sign-ficant complicacions of equipment and lowering of accuracy 
connected with this, and also require a large volume of preliminary calculation, 

For these reasons it ie poesible to caneider that develcpment of functional 
devices for reproduction of a Sumection of two or more variabies still is fer from 


completion. 


SR 


*In receat years receiving epplication are methods of synthwais af functional 
generators of many variable from diodes logical elemmnts, offered independently by 
T. ¥. Stern and G. A. Philbrick and further developed by S. A. Ginsburg (see, for 
oxample, T. %. Stern Plecewlse—linear network analysis and eyrthesis, proceedings 
of the syrposium on nonlinear circuit analye:s, Sew York-—London (1957); S. A. 
Ginsburg, Logical method of aynthesis of functicnual [eneratore, Trans. of First 
Congress UPAK, Vol. IV, Publishing Nouse of Academy of Seiences of USSR (1961). 
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CHAPTER VII 


FUNCTIONAL GENT RATORS USING 
CATHODE-RAY TUBES 

With necessity of rapid transition from one form of reproduced nonlinear 
dependence to another, and also in case of reproduction of functions with many 
extrema and functions, possessing great steepmess, as is kmowm from literature,* 
general-purpose ‘unctional generators, based on the use of the cathode-ray tube, 
can be applied. 

Well-known types of such functiwial generators can be divided into two groups: 

1. Devices of closed type with negative feedback, using principle of servo 
system. 

2. Pulse devices of open type. 

1. Devices of Cloeed Type, Based on Principle of 
Static Servo Systes. 

In Fig. 101 is brought functional diagras of a functional generator based on 
a cathode-ray tube, buiit by principle of static servo system. In front of screen 
of electron-beam tube 1 with electrostatic control is placed opaque plate (mask), 
wioee profile is executed in accordance with the noniinear depandence given for 
reproduction. A certain distance from the mask is placed photo multiplier 2. 
Electronic beam of tube is deflected from axis y to an upper boundary determined 
by the horizontal side of the inacribed square, by voltage Up. 


@D. Mynall [1], 0. M. Mackay (1), D. BE. Sunstein{1], G. 0. McCann, C. H. Wilts, 
BD. N. Locanthi (1), H. W. Shuits (1), EB. J. Haneoek (1). 


=219- 


. : eee ee ere area, 
De Se ee ee 


During switching on of the photomultiplier the luminous flux, formed by the 


luminescent point on the screen, will cause appearance of photocurrent. Voltave 


drop from photocurrent in output resistor of photamultiplier after amplification by 
electronic amplifier 3 is fed to vertical plates Y-Y of the tube with such polarity 


thac beam begins to lower toward the mask. After arriving at the boundaries of the 





Fig. 101. Principal) functional diagram of cathode. 
ray functional generator with photomultiplier, 1-- 
electron-beam tube, 2--photomultiplier, 3--amplifie:, 
4--transition units, 5--mask. 





Fig. 102. Fundamental circuit of functional gererator, 
l--mask; 2--photomultiplier, 3--optics. 


mask further lowering of the beam causes decrease of the area of the luminescent 
point on screen, ard together with this decrease of voltage U, , fed on the 
vertical plates. This decrease will occur until the difference between the initial 


value of voltage Ug and voltage drop from the photocurrent with the given 
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amplificatian factor of amplifier provides on the vertical pletes the voltage, 
necessary for setting the beam on the edge of the mask. Obviously, this voltage 
will also depict the value of the function for the considered value of ths 
argument, If one were to start to change voltage U, on horizontal plates X—X, 
t..en acvordingly the beam will be transferred along the edge of the mask, and 
voltage on plates Y—Y will change by the given nonlinear curve. Fundamental 
circuit of such functional generator as made by Institute of Automation and 
Telemechanics of Academy of Sciences of USSR is presented in Fig. 102. Here the 
transition unit contrclling horizontal deflection of the beam is made from two 
tubes 4, and J 2? and the transition unit block controlling vertical deflection 
ie made froa double triode 4, . Amplifier 1 serves as the amplifier of main 
channel, and amplifier 2--for setting the scale of the function. The scale of the 
argument can be set by potentiometer [I-) . Potentiometer [-5 serves to campen- 
sate the constant component, appearing during shift of the curve given for repro- 
duction with respect to axes of the tube for the purpose of maximum use of the 


area of the screen. 


2._Error of the Functional Generator. 
We will derive the basic relationship for estimating error of the given circuit. 
For this purpose it is convenient to present the functional diagram of Fig. 101 
in the form of a block-diagram (Fig. 103a). Here are designated: 
| TIBI’ -- bridging amplifier of horizontal deflection, 
Ras, ~- amplification factor of bridging amplifier, 
ry -- syatem of deflection of beam in horisontal, 
he “> Sensitivity of system of beam deflection in the norisontal, 
Mask -- nonlinear dependence, given by profile of mask, 
BIT -- syst.am of beam deflection in vertical, 
ton ~- SOnsitivity of system of beam deflection in vertical, 


U,,. U. -- voltages on horizontal and vertical plates, 


-221- 


rt 


aN SI OME eT Oo 


oo atm 
2 Ne 


ss 


ee 


a leita + 


‘ 
\ 
i 
#. 
i 
\ 
; 
’ 
. 





ITEB -- bridging amplifier of vertical deflection, 
Wii -- characteristic of screen, 
é Yar Y)-- error in setting of beam in vertical, 


§ -- area of undarkened part of fluorescent spot, 


F -~ luminous flux, 
E -- transmission factor of luminophor, 
7, -- time constant of luminophor, 


ig -- current of protomiltiplier, 

/, -- dark current, 
o(f} -~ integral sensitivity of photomultiplier. 

R, -- load resistor of photomultiplier, 

U5 -~ voltage on load resistor, 

Up -- voltage of initial displacement of beam, 

€9 -- voltage of zero drift of amplifier, brought to the input, 


e -- angle of inclination of profile cf mask with horizontal. 





Fig. 103. Block-diagram for derivation of fundamental 
equation of functional generator. 
KEY: (a) Amplifier. 

Equations of separate units of block-diagram, Fig. 103, will be: 


1. Equation of input circuit 


z= yahusr ler: (7 : 1) 
Ysa == f (x). 
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2. Equations of main channel of amplification of error in turn breaks up into: 
a) Equation, determining dependence of unshaded part of spot on error 3=y,.,— y 
$= ¥ (8/3. 

Form of function ‘¥(%) depends on givan idealization of the shape of the spot 
and character of curvature of mask in the region of the spot. With a well focusec 
spot it is possible with accuracy sufficient for practice to consider that the 
apot has the shape of a circle, and the mask in the regian of the spot can be 
replaced by a sloping straight line AB (Fig. 103b). 


With +hese assumptions 


: v Mi J a oF 
§ =r arcis( yb -) - ian ! ha) |. 
Assuming movements of the light spot about the mask to be small, after expansion 
8 





of quantity arccos ( a ) in a series and disregarding all terms of 


a degree higher than the first, we will receive* 
erty 4 8 
$= Fl! -saal 
b) Equation of luminous flux 





' 
. 


af ‘ 
Tot F=Ew-S. 


c) Equation of photomltiplier 


=i, + l= 3(t) F + I. 
U, = IR, = R,9(t) F + 1,8. 
d) Equation of amplifier 


Cou 1 


= K,(- U,t+ U, ey). 


Solving the given equations for » we receive finally aquations of the 


Const 


main channel of amplification in the form 


Cora = Ky [R30 F + WR Ute). (7.2) 
aF _ rt 4 Yon 
7,60 preci (1 ge 


*Derivation of this dependence belongs to A. D. Talantsev. 


-223- 


3. Equation of feedback circuit 
y in ne Riune’ Onur: (7.3) 
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Considering thet 4,,,= , we find from equations (7.1), (7.2) and (7.5) 
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In 4 steady-state regime in ideal conditions, when voltage U,= Reiner, Fo %,; 


"¢, -=0 » witn very large Ky and f(x) = f(x, ), from expression 
7.4) we obtain 
I&n x 
tran a= oe (7.5) 


It follows from this that errcr of work of such functional generator will be 
caused by inaccuracy of making the mask Af=/,,(x,)— /'*.), the finite value of 
the amplification factor of the main channel, time constant of iuminophor, presence 
of dark current of photomultiplier, inaccuracy of setting of required quantity Uj), 
by drift of the amplifier and instability of sensitivity of the deflecting system. 

For the purpose of decreasing error one should take special measures for 
accurate adjustment and manufacture of the mask. As auplifier of main channel 
it is desirable to use amplifier with automatic stabilisation of zero level. 

With very large amplification factor and ideal manufacture of mask the error, 


as expression (7.4) shows, will have the form 


Uy — R(t) E(t) =) + IR, ty 
Blour = fous ~ fous. n = ——@ aE itv Ie hue oo (7.6) 


It is obvious that this error will be less, the greater the magnitude of the 
denominator. This indicates a way of selecting parameters of photomultiplier, 
properties of mask and transmission factors of transition units. 

Analysis of work of such functional generator shows that changes of dark 


current of photomultiplier and brightness of fluorescent point of screen in time in 


essence determined the natural zero drift of functional generator, and inasmuch 
they act almost directly on tne ampiifier input, increase of the amplification factor 
of the latter in the presence of negative feedback dces not lead to decrease of 
indicated drift. 

In connection with this there were attempts (by C. N. Pederson, A. A. Gerlach, 
R. E. cenner [1]) to surmount these difficulties by increasing dimensions of 
screen of the tube, transition to another type of screen and application of 
severai photomultipliers. In Fig. 104 is brought a skeleton diagram of such a 
functional generator. In this generator the luminescent spot, appearing on the 
screen of the tube, is projected with the help of optics un black sheet of special 
paper, on which by white paint there will be depicted the graph of the function 
given for reproduction . Into the circuit of vertical beam deflection there is 
fed biased voltage, which is sufficient to move the beam to the upper edge of the 
tube. Light, emitted by the luminescent spot of the screen, passing through the 
white line on the black screen, is reflected from it and hits the group of 
photomultipliers. Here at the output of the amplifier there appears voltage of 


such sign, with which the beam seeks to drop dom. As a result the beam will be 





me 


Fig. 104. Fundamentai circuit of functional generator 
with photomultipliers and cathode-ray tube with magnetic 
control. l--amplifiers of deflecting systems, 2--coil of 
vertical deflection, 3--coil of horizontal deflection, 
L--cathode-ray tube; 5--photomultipliers, 6--optical 
system, 7--graph of given function (white on black back- 
ground), 8--light absorber, 9--amplifier of signal. 
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held on boundary of the white line and with change of voltage in the system of 
horizontal deflection will track the boundary of the white line. Thickness of the 
white line, by which the graph of the function given for reproduction is depicted, 
should increase with increase of steepness of this function. With an angle of 
inclination, approaching 90°, for retention of the beam on the white line its 
thickness should be in the order of 3 mm. By application of four photomultipliers 
fluctuations of total dark current are sharply reduced. 

According to the data of C. N. Pederson, A. A. Gerlach, R. E. Zenner [1] 
the described device ensures accuracy of 0.5%, a passband of 100 c, ease and speed 
of set up. 

Of great interest als. are functional generators with application of cathoge- 
ray tubes, which do not require conversion of the beam current into luminous flux. 
From literature we know the principle of construction of such a generator (A. C. 
Munster [1]). In a cathode-ray tube, equipped with the usual gun with electro- 
static deflection of beam, there is placed a plate-target, made from material, 


possessing a significant coefficient of secondary emission (for example, aluminum 
oxide), 





Fig. 105. Fundamental circuit of functional 
generator with internal receiver of bean. 
KEY: (a) Collector. 


Part of the target is covered with carbon ink in such a way that the curve, 
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bounding the carbon dye, depicts the function given for reproduction. In the tube 
is placed an additional electrode-collector (Fig. 105), gathering secondary 
electrons, flying from the target under the influence of electron bombardment of 
the beam. Aluminum and carbon have at selected accelerating voltages different 
coefficients of secondary emission (for aluminum oxide o = 2, and for carbon dye 

9<1). Therefore the direction of current in resistor R,, will vary depending 
upon what part of the target the electron beam strikes. If afcter preliminary 
amplification we use the voltage drop at R,, to control deflection of the beam by 
plates YY, then it is possible with feeding of the input signal to plates X—Y 
to force the electron beam to follow the boundary between the carbon dye and 
aluminum oxide. Here voltage after the amplifier will represent tne desired value 
of the function. 

Such a functional generator, as follows from this description, does not 
require conversion of current of the beam into a luminous flux. However there is 
required accurate adjustment of the target inside the tube, which presents knam 
difficulties, and there also appears an additional source of error due to 
instability of coefficients of seconaary emission along the boundary of the division. 

By principle of action the considered functional generator cannot be general- 
purpose. Replacement of functions signifies replacement of the electron-beam tube. 

For construction of a functional generator based on a cathode-ray tube, which 
would not require conversion of beam current into a luminous flux, and then into 
photomultiplier current, it is possible to use the pheromena occurring in the 
cathode-ray tube with accumulation of cnarges (B. Chance, V. Huges [1]). In these 
tubes the screen should possess a coefficient of secondary emission o>l in 
range of operating accelerating voltages and very high resistance. These require- 
ments are met, for example, by Prex glass, from which envelopes of electron-beam 
tubes are usually 5. spared. Fer use of this phenomenon on the cuter surface of the 


tube (Fig. 106) is put a signal electrode, and inside is placed an additional 
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electrode (collector), under a positive potential, somewhat exceeding the potential 
ef the second plate. As collector there can serve, for example, an Aquadage 


electrode, utilized for post deflection acceleration. 
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Fig. 106. Principle of action of a cathode-ray 
tube with accumulation of charges. 1l--capacitor, 
2--signal electrode, 3--glass; 4--electron bean. 


The surface of the screen, under the influence of the electron beam, will be 
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charged positively until its potential comes near the potential of the collector. 
Certain secondary electrons, attracted by tne field of the charged positive spot, 
will settle near it and will create a negatively charged region (Fig. 106b). 
Changing periodically the intensity (brightness) of the beam by the influence on 
potentiai of a modulating electrode, it is poesible to carry out periodic change 

of total charge at a given place of the screen which causes appearance of capacitive 
currents through the signal eiectrode. During use of the described phenomenon for 
construction of a functional generator the signal electrode ie made of two parts, 
divided by # slot, made in the form of the function given for reproduction (B. Ya. 
Kogan {2}]). Alternating current, removed fros s*-h part of the signal electrode, 

is amplified by high-frequency amplifier and ia rectified. The rectified voltage is 


added in anti-phase to the input of the operational d-c amplifier, covered by 


negative feedback through the electron-beam tube (Fig. 107). when the beam is in 
the middle of the alot, current of each half of the comducting layer is identical 


and voltage at the output is equal to sero. With displacement cf beam in the 
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a) 


b) 





Fig. 107. Functional generator based on cathode-ray 
tube without photamultiplier. e) fundamental circuit; 
i--transition units, 2--high-frequency oscillator; 3-- 
high-frequency amplifiers; 4--detectors; 5--~d-c 
amplifier; b) general view: c) charecteristic. 


direction of one or the other plate at output there appears voltage of one or the 
other sign, and of the magnitude, necessary for holding the beam on the slot level. 
Qviously, this voltage will also rerresent the value of the desired function. 

The diagram am general view of a functional generator, built on such a principle 
by the Institute cf Autumation and Telemechanice of Academy of Sciences of USSR, is 


shown in Fig. .U¢, a and b) and its charecteristic in Fig. 1086c.@ 


“Functional generator developed by colleague of Institute, ¥. V. Gurov. 
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Basic data of this functional generator are such: input and output voltage 
+100 v, output current--of the order cf i) ma, input impedance--greater than 2U0U 
kilohm, accuracy--of the order of 1.5-2% sf tictsl avele, passband--greater than 
10 ¢, 

_: Functional Generators with Controlled 
Beam Scanning _ 

Principle of action of such functional generator is based on use of ¢namic 
compensation (F, E, Temnikev [1]). It car be comprehended by the functional 
diagram in Fig. 108.* 

Functional generator consists of cathode-ray tube :, cpague mack 9, iterating 
the curve given for reproduction, photomultiplier 2, located a certain distance 
from screen of the tube, pulse shaping unit 3, generator 4 for scanning cf the bean 
of cathode-ray tube along y-y axis, peak detectr ‘ and integrating amplifier 
6. To these eleanents are added (Fig. 108b) & source of constant cunpensating 
voltage 7 ( 3H ) and key 8, protecting break-down of ti beam of tube with 
sharp changes of voltage of the agrument. 

Before beginning operation of functions! generator cutput clamps of generator 
of scanning are closed ani when a, = 0 the ele: uronic beam of tube is at ooint OU. 

With starting of functional generator cuiret voltage of generator of acanning 
deflects the beam to one of the edges of the mask. With departure of the bean 
beyond the edge of the mask, thanks to illumination of the photomultiplicr there 
occurs a aharp change of voltage on its ioat reeistor due to change of current of 
photumultiplier. This change of voltage is shaped oy unit BOM into a standard 
pulse, which starts the scanning geerator in the opposite direction, by force of 
which the beam will move to the opposite edge. As a result there will de 


extedlished natural oscillation of the beams between aiges of the sask. Amplitude 


*Offered ani developed in Acanemy cf Sciences of USSR by A. D. Talantsev [3], 
{4}; see also R. Hevilend [1]. 
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of these oscillations will be directly proportional, and frequency inversely 
proportional to the distance between edges, when the beam moves with constant speed 
along the y—y axis. 

Usually in such functional generators we use the dependence of amplitude of 
natural osciilations on distance between eiges, since here rigid requirements «re 
not put on linearity of change of voltage of generator of scanning. During change 
of e¢,, amplitude of natural oscillations will change by the same law, by which 
the distance between edges changes. When both edges of mask are syrmetric with 
respect to axis x, amplitude of oscillations will reflect the ordinate of the 
Function given for reproduction with accuracy up to a constant component. Amplitude 
of natural oscillations will be converted into constant voltage by a demodulator. 
As demodulator there is used a special circuit of a peak detectcr, ensuring 
linearity of rectifying in the operating range of frequencies with accuracy 70.1%. 
AS generator of scanning we apply symme’ric trigger, whose plates are loaded by 


integrating networks. 





Fig. 108, Functional diagram of functional gensrator, 
based on principle of dynamic compensation. 1--cathade- 
ray tube; 2--protamultiplier, 3--pulse forming unit; 4-- 
generator of ecanning, 5-~pesax detector; 6--integrating 
amplifier, 7--aource of stadilizsed voltage for campensation 
of constant camponent; 8--key; 9--opaque mask. 
Presence of initial diatance by between edges of mask (Fig. 109) is caused by 
necessity of obtaining negative vaiues of output voltage, and also the difficulty 


of obtaining small amplituies of natural oscillations with very great frequency due 
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to inertness of syst.cm and nonlinerrity of operation of peak detector at small 
signal amplitudes. Constant component caused by this initial amplitude of natural 
oscillations, is compensated at output by voltage Up. 

During operation of the generator there is possiole random nonoperation of the 
scanning generator or break-down of natural oscillations owing to sharp change of 
input voltage ¢,, . Therefcre in the generator is provided special protection 
from break-down of natural oscillations. In ease of nonoperation of scanning 
generator after appearance of beam on edge of mask cutput voliage of scanning 
generator will increase, until key K opens which will cause change of voltage at 
the input of BFI and in turn will cause appearance of impulse at output of BFI 
and operation of scanning generator. The next operation will occur when the bean 
reaches the opposite edge of mask, since with setting of beam beyond screen at 
output of photomultiplier appears a voltage jump, opposite in sign to that, which 
takes place with emergence of beam from behind the mask. Pulse shaping unit Joes 
not react to voltage jumps of this polarity. The very same occurs during non- 
operation of [P at the other edge of mask. In absence cf mask screen there 
take place natural oscillations, amplitude of which is greater than amplitude, 
corresponding to maximum width of mask, which is attained by corresponding adjustment 


of the key. 


Frequency of natural osciliations for 
obtaining the widest possible passband for 
the device should be as high as possible. | 
With a fixed maximum distance between edges . 


of mask the lower limit of frequency of 





natural oscillations is determined basically | 


b rties of the luminophor of the tube 
Fig. 109. Example of mask enter ph : 


for functional generator, time lag of glow and time of afterrl 

built on principle of ( - , arterstoy): 

dynamic compensation. In connection with this it is expedient in 
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such generators to use cathode-ray tube with screen made of calcium tungstate, 
possessing comparatively small afterglow and giving a blue glow, for which sensi- 
tivity of photomultiplier turns out to be the greatest. 

With the taker dimensions of mask (Fig. 109) minimum frequency of natural 
oscillations is approximately 1000 c which provides a passband o* about 100 c. 

Main sources of error of functional generator are: inconstancy of moment of 
starting and switching off of scanning due to instability of brightness of the spot, 
nonlinearity and instability of peak detector, instability of power supplys 
(especially for compensation of constant camponent) and inaccuracy of manufacture 
of screen. Error due to inconstancy of moment of starting and switching off of 
generator of scanning significantly decreases with application of optics, projecting 
on photocathode the image of luminescent spot and screen. General view of such 
furictional generator as made by Academy of Sciences of USSR is show in Fig. 110. 

In generator is provided possibility of rapid transition from circuit with 


controlled scanning beam to circuit, operating on static principle. 


Results of experimental checking of 
operation of functional generator with 
controlled unfolding of beam showed that 

1) error of reproduction of functions with 
hand manufacture of mask lies within 1.5%; 

2) drift of output voltage of order 
0.4 v in 15 min; 

3) passband -- 30 c; 


4) limits of change of output voltage 





+120 v with 10 kilohm loed, 


Fig. 110. General view ot Comparison of functional generators, 
cathode-ray functional 
generator with contro] led made of vathode-ray tubes a ths static 


ecanning of bean. 
principle and those with controlled scanning 
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of beam shows that the latter, with other technical indices equal, require for their 
realisation more slectronic equipment and give the worst use of the useful area of 
the mask. However along with functional generation these devices allow us to carry 
out also frequency modulation and several other cofunctions. Continuous movement 

of the beam on the screen in these devices gives a certain increase of period of 
service of cathode-ray tube, ensuring more uniform wear of screer. 

By cathede-ray functional generators it is possible to reproduce also functions 
of two variables (G. Korn and T. Korn [1]). With this aim between the screen of 
cathode-ray tube and photomultiplier is placed a mask, whose transparency changes 
from point to point. The quantity of luminous flux, and consequently, the output 
current of photomultiplier will be proportional to transparency at a given point 
of the masa. Making the mask in such a manner that its transparency changes with 
respect to the given function, from the coordinates of the beam (or voltages on 
deflecting plates). One can obtain a functional generator of two independent 
variables: 

| Novy == f (Cans €ox2)- 

Application of such functional generator simplifies obtaining of complicated 

functions of the form 
t= VO Fy 

However accuracy of their work is low and constitutes 2-10% and the device itself 
is complicated, since it requires very stable operation of the screen of the tube 
and photomultiplier. Furthermore, technology of obtaining of semitransparent masks 
with given distribution of transparency is sufficiently labor-consuming. 

During construction of specialised functional generators of two variables 
semitransparent mask can be located inside the electron-beam tube. Here the need 


of a photomultiplier, naturally, disappears. 





4. Pulse Functionai Cenerators of 
Cpen_ Type 


e 
tom 


In recent. years there have been offered a number of circuits (L. G. Polimerov 
[1], E. FE. Newholt [1]) of pulse functional generators of open type using cathode- 
ray tubes. In these functional generatore, just as in those described above 


(page 239), a photomultiplier serves only as an indicator of appearance of beam 
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in slits of mask. 

Functional diagram of a device is shom in Fig. 1]1. Here is depicted also a 
cathode-ray tube with mask, provided with two slits. Slit I corresponds to the 
function given for reproduction, and slit II serves to fix the axis of the argument. 
The beam with the help of scanning generator periodically deviates from the 
horizontal. At the moment of appearance of beam in slit II or slit I at the output 
of photomultiplier 2 appear pulses which change the position of trigger 6. Asa 
result at the output of the trigger there can be singled out square pulses, duration 
of which will be proportional to the distance between edges of slits. So that 
measurement of this distance is made only during forward movement of beam (from 
slit II to slit I) slits are made of different width. This establishes a definite 
sequence of pulses during forward movement and other sequence during reverse. In 


the puise selection unit 5 there is passed only the sequence of forward movement. 





Fig. 111. Functional diagram of pulse functional 
generator of open type. l--generator of scanning; 
2--photomultiplier; 3--limiter; 4--pulse shaper; 
5--pulse selection unit; 6--trigger; 7--key; 8--RC 
circuit; 9--peak detector; 10--cathode follower. 


Conversion of duration of square pulses into voltage is carried out by 
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integrating network 8, and voltage on capacitor is fixed by peak detector 9. With 
frequency of scanning 500 c operating frequency of input signals does not exceed 5 c. 
Such functional generator is yielding to generators of closed type with control- 
led scanning of beam, since, other conditions equal, its accuracy depends on 
linearity of generator of scanning, and the passband turns out to be considerably 
narrower. 
Essential improvement of performance of the considered functional generations 
was attained in the work of A. I. Petrenko [1], who offered a method of combining 


of pulse and continuous circuits. 
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CHAPTER VIII 


MULTIPLIERS AND DIVIDERS 


1. Classification and Short Survey of Principles of 
Construction of Multipliers. 








Various constructions of multipliers and dividers 2re conveniently classified 


on the diagram, brought in Fig. 112. Here all devices are broken dam into two 


groups: devices of direct and indirect act’. 


Direct action 
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Fig. 112. Classification of multipliers. 
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In direct action devices the operation of multiplication (division) of two 





independent variables is carried out directly by use of various physical laws. 
In indirect action devices the operation of multiplication is carried out by 

a number of other mathematical operations. Here usually the transition to other 

mathematical operations is carried out on the basis of know relationships of 


analysis or algebra and requires, as ~ rule, realization of functional generation. 


& 


Thus, for example, using relationship 

day mia gre ave yk (8.1) 
it is possible to replace operation of multiplication by operations of algebraic 
addition and squaring. 


Functional diagram of device, reproducing equation (8.1) is shown in Fig. 113. 





Fig. 113. Functional diagram of miltiplier 
with square-law function generators. I] -- 
square-law function generators. 
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As follows from the figure, fo. realisation of operation of multiplication ther. 


are required linear computing elements for summation and change of sign and two 
functional generators, carrying out squaring. : 
For construction of such functional generator, there can be used, for example: . 


quadratic dependence of plate current on grid voltage of three-electrode electron 





tube in regions of small plate currents, nonlinear characteristics of pentodes 


(J. M. Dukes [1])), and cathode-ray cr diode functional generators. 


As another example let. us consider obtaining of a product on the basis of 
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relationship 


a2" elegy) 


> (8.2) 

Here it is already required to carry out other functional generation-finding a 
logarithm of an independent variable. The antilogarithm here is often obtained by 
coupring a logarithmic generator in the feedback circuit of tne operational i 
amplifier. 

Since logarithmic function is not definite for negative values of argument, then 
multipliers of this type are useful directly only if the co-Sactors do not change 
sign. Otherwise it is neces ary to add constant positive quantities to co-factors 
x and y, and then by subtraction of corresponding quantities single out the desired 
preduct. 

Thus, for example, 

(x + @)(y + b) = anti fly (xe + a) + ty ly + by), 
whence 
xy =~. ab — ay — bx + anti (I(x + @) 4-Iz(y + A). (8.3) 
Logarithmic multipliers allow us to execute not only multiplication of several 


co-factors (two or more) and also involution and extraction of root. 





Fig. 114. Functional diagram of multiplier with 
logarithmic generators. 


In Fig. 114 there is presented the functional diagram of such a multiplier. 


Logarithmic functional generators can be based on the diverse principles. In 
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certain cases there are used natural nonlinear characteristics of electron tubes. 

In Fig. 115 is brought circuit (see B. Chance, V. Huges [1]) for obtaining 
product on the basis of expression (8.2) with use of know property of grid 
characteristic of triode: 

U, = hiog /,. (8.4) 
which is correct with low grid currents, i.e., with large values of resistors, 
connected in grid circuit. For integrating amplifier it is possible to write 

Uy aU, = - Ky (Ua) — BU g, + (Uae — wg, — (Ue — 2U,,—UG 
or 
(Uah — Hg, + Ua — Ug, — ah t+ Wg, — Us t BE 0. 

where subscripts 1, 2, 3 signify the number of the tube in the circuit. 

Selecting Uy in such a manner that Uah + Yah — (Ue = Uy, and 
assuming Ky x » we receive 

— Uy, — Uy, + Uy, = 9, 
whence it follows 
log lg, + log tg, =slogig, or U, =U, =3U,U,. (8.5) 


Consequently, voltage U, is the measure of product xy. 


oo = F- = pet 
ae: { 
, } = 
= yf 2. ‘ | fre: 
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Fig. 115. Ddagram of multiplier based on loga- : 
rithmic dependence of plate current on grid voltage : 
of triode. 


Instability of characteristics of electron tubes leads to increase of error 
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of such devices. In connection with this lately widely used are multipliers 
(B. Davis, I. Swift [1]) in which reproduction of logarithmic function is carrie: 
out on the basis of piecewise-linear approximation. 

If one were to use the expression for total differential of product of functions 

d(xy)= x dy + ydx, (8.6) 
after integration of both parts of equation we receive 
xy=fxdy+ fyae. (8.7) 

In this case operation of multiplication is reduced to integration and 
summation. Since integration here should be produced for every independent variable, 
in the general case not being time, this method of obtaining a product cannot be 
realized on electronic integrators, carrying out, as we know, integration only 
with respect to time. This method, however, is successfully used in solving 
problems on mechanical integrators (I. S. Bruk [1], V. Bush [1]). 

Comparative complexity cf devices of indirect action and dependence of their 
error on accuracy of fulfillment of separate elements caused development of devices 
which execute the operation of multiplication (division) directly. 

Direct action devices by principle of construction can be di*ided into two 
groups: compensational devices, either closed (with negative feedback), or 


paramet ric--open. 
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Fig. 116. Various principles of construction 
of multipliers. 
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in parametric Gevices are used elements, whose physicai properties ensure 

fuifilament of multiplication. Examples are linear 4-4 and a-c circuits (Fig. 116, 
a and 6), for whicn the voltage drop on a circuit element is the product of two 
inderczadent variables--current and resistance, or a wattmeter element (Fig. 116d), 
for which the moment developed by the mobile system is the measure of the product 
of two independent variables -- two currents or current and voltage. Likewise, the 
electromotive force is developed by a generator on idle running (Fig. 116c), is 
proportional to the product of two independent variables: speed of rotation of 


aimature and quantity of magnetic flux. 





Fig. 117. Multiplier based on amplitude modulation of 
Signals. 1--first balanced modulator, 2--second balanced 
modulator, 3--demodulator. 

KEY: (a) To carrier frequency source. 


For obtaining a product there may also be used the phenomenon of amplitude 
modulation. In Fig. 117 is depicted the fundamental circuit of one such device 
(G. D. McCann, C H. Wilts, and B. N. Locanthi [1]), made on the basis of two 
balanced modulators: one, assembled in a annular circuit of dry-disc rectifiers, 
and the other--tube, using property of variable-mv tubes to change steemess of 
grid characteristic (in definite limits) directly proportionally to voltage applied 
to grid. 


Modulated in the first modulator the input signal will form as it were the 
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vo.tage cf the carrier frequency for the second modulatcr, where this carrier 
frequency a second time 18 moduiated ty a second input voltage. Doubdle-modulated 
vultage of carrier frequency after amplification is rectified by phased sectifier 
(demodulator). Magnitude of rectified voltage turns out to be proportionai to 
product of U, and Hy 

In compensational devices the operation of multiplication is executed with 
coverage of the device or itS main elements by negative feedback. Here it turns out 
that the result cf operation of these devices under certain conditions does not 
depend on change cf characteristics of elements, covered by feedback. Compensational 
multipliers are constructed on diverse principles. They can be divided into three 
main groups: 

-) devices, based on automatic change of transmission factor of a certain 
network; 

2) devices with electrodynamic elements; 

3) devices, based on application of electron-beam tube with transverse electric 


and magnetic fields. 
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Fig. 118. Methods of realization of multiplication of sign- 
alternating signals. 1l--multipliers, working with one sign- 
alternat.ing co-factor; 2--differential amplifier. 
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Muitipliers, made in the form of purely electronic systems, provide 4 suf 
ficientiy wide passband of signals and error within U.1 - 2h. Plectromecnanicai 
device although they ensure in princirle large accuracy, have 4 narrow fas sband 
(up to lc). 

Usually to mltipliers is presented the requirement to carry out the operation 
of multiplication of two co-factors, each of which can ta<e both positive and 
negative values. Above it was shcam how, with the help of a multiplier, working in 
principle only with positive values of co-factors (multiplier with logarithmic 
generator), it is possible to carry out multiplication of sign-alternating 
co-factors, In Fig. 11@a and 118 are brought methods (G. Korn and T. Korn [1}) 
of realization of multiplication of two sign-alternating co-factors by multipliers, 
in principie allowing chanye of sign for only one co-factor. 

In recent years aost widely applied are miltipliers based on the time-pulse 
principle, and multipliers made from square-law functional generators. The first 
ensure comparatively high accuracy 0.1 to0.2% in a relatively narrow passband, the 


latter differ by a wide passband and accuracy within 0.5 tolf. 





Fig. 119. Methods of construction of 
dividers. gf] --functional generator, 1-- 
mu tiplier. 
Operation of finding a quotient usually is executed either by a multiplier 
in combination with a functional generator, giving the reciprocal (Fig. 119a), or 
by coupling a multiplier in the feedback circuit of an amplifier with large 


amplification factor (Fig. 119b). 


-2u4- 


“5? (48° 280 *°egP @iud. bles are “lL rrect 


fat f, by 2 Mba 
ami since /, f, then 
au 
Peis Uae | 
Ura ur (8,8) 


The latter method of obtaining a divider requires less equipment and gives the 
possibility to obtaining the operation of division in a wider range of change of 
Uy as compared with application of a functional generator reformer for obtaining 


of quantities, reciprocal to Uy- 


<._Muitipliers Based on Principle of Automatically 
Regulated lransm'ssion Factor. 

These devices usually consist of a network, to whose input is fed a voltage, 
representing one co-factor, and the transmission factor automatically changes 
laneariy with change of voltage, representing the second co-factor. 

Depending upon peculiarity of physical realization of this network we distin- 
guish: 

a) devices, made from an operational amplifier with a transmission factor 
changed by steps; 

tb) time-pulse devices, or, as they are otherwise called, devices with pulse 
dividers; 

c) devices, based on double amplitude moduletion; 

a) AM-FM devices. 

For increase of accuracy of conversion of one of the co-factors into the 
transmission factor of the retwork there is used introduction of negative fesdback. 

On skeleton diagram, Fig. 120, by A-1 is designated the divider, to whose 
input is fed constant voltage U, and from the output is removed part a Up 
(where a is the instantaneous value of the divider's transmission factor). This 
signal is compared by differential amplifier 3 with signa: U,, representing one 


of the co-factors. In case of mismatch, to the divider is fed a signa which 
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Fig. 120. Method of automatic 
control of transmission factor 
by negative feedback. J-1, 1-2 
--dividers, 3--differential 
amplifiers, 


changes its tranamission facter in such 
direction as to eliminate this mismatch. 
In a steady-state reg ne with very large 
Ky this relationship is correct: 

a’, © 


whence 


If the coefficient of division of the 


secord divider J/-© changes owing to the 


same mismatch signal, then during feeding its input with voltage of secon co-factor 


Uy we receive 


U,U, 


U,=wW,=--. (8.9) 


Uy 


Let us consider certain practical circuits of the above-mentioned multipliers. 


a) Multipiier based on step change of transmission factor. In the muitapiie., 


ee ee 


based on step change of transmission factor of operational amplifier, there is used 





Fig. 121. Skeleton diagram of muiti- 


piiers with step change of trans- 
mission factor. 1, 2--amplifiers; 
}--reversible binary counter, 4-- 
pulse generator and shaping cascade, 
5--command output, sensitive to 
polarity and magnitude of mismatch 


the basic ratio for an operational amplifier: 
Y 


Cont re. y; Cor t 
When Y, = const output voltage is 
proportional to product of conductance Y, 


am e 


ony 


If one were to make 
conductance Y) according to law 
Vi Resi2- (8.10) 
then such a device weuld execute the 
operation of multiplication. 
However it presents great difficulties 
to execute conductance, linearly changing 


under the influence of voltage and not 


introducing here its om emf to the circuit. 


nals. 
Y: ee Count: (b) Add; (c) Suntract. 
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Therefore we usua..y resort to approximate rea.isation of relationship (@.1U), 
Te@piacing iinea, 2tpendance by step or changing to linear dependence between mean 
values. 

In Fig. 121 is brought skeleton diagram of one veriant of auch a multiplier 
(E, A. Goldberg {1]). Conversion of one of co-fa-tors into a proportional change 
ef conductance is carried out here by a unique system of negati.es feedback, including 
a digital device. 

For the first operational amplifier this equality is correct: 

uy= —[u, 4-54}. (6.11) 

If this voltage exceeds a specific positive value U4%>0 , the device 
delivering commands lets pulses pass to the binary counter, which for each pulse 
takes away one from the number earlier fixed on it. Te each digit of the binary 
counter there corresponds a relay and a comiuctance (\Y,,) connected by this reiay 
to the input of the operational amplifier. This process will occur until Y 2 
changes So much ust with constant U, U, will de lees than U, . In thi case 
access of pulses to binary counter will stop. Wim O<U. <0, then 
device delivering commands again lets pulses pass to the binary counter, but row 
every pulse already adda one to the number on the counter and thereby switches 
the relay in such a manner that 

ial IU 


When U,-20 in a steady-state regine this relarionship is correct: 
y Yn 
Uy ey, =x 0, 
whence 
. Yi, 
Vy to U, (8.12) 
If binary counter simultanecusly controis several idantical systems of relays, 
and the latter commute conductance tc input of other operational amplifiers, then 


at the output, for exampie, of operational amulifier 2 we will receive 


Y's, 
en 
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if we assume trat Y-.. oe 8 BRIN 2 “2 Ya, “hen 


‘ince input impecance, commuted by the relays, i8 constitutw fram passive 
elements, then for realization of multiplication with sign-aiternating co-factor 
Vy we use addition to the input of first cperational amplifer of a positive fixe 


voltage U., in magnitude exceeding tiie maximum possible value of voitage Uys Here 


a, 


in the product there 13  superflucus camponent U , which mus*, be seauct 
2 


‘ 


ty feeding the input of the operational amp]ifier 2 an additional component 


after sipn-inverter 3} (Fig. 122). 





Fig. 122. The same ss in Fig. 122 but for 

multiplication of sign-alternating signals. 

1, 2, 3--amplifiers, 4--reversibie binary 

counter, 5--commani output; 46--pulse 

generator and shaping cascade. 

KEY: (a) Add; (b) Count; (c) Subtract. 

In the deacribed device there were provided 1] binary digits in the binary 

counter and correspendingly 1] passive circuits, commuted to input of operational 
amplifier whicn allowed us to set conductance at the output with accuracy of 


U.0025% in reference to maxiaup value. 
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Sor acce.eration -f cperation cf levice as cammmuting devices thee were used 
speciai Nigh speet reiays with a respons = ‘me, ot cxcesding iw microsecunmis. 
At a frequency of -ulse repetition of iuUU c the time, required t. shange Y)° 
with intermittent change of U, 6) a total magnitude, constitutid 1 sec. 

The considered device allows us to realize simultaneous multinlication of 
gc .. Here we need additional 


ye’ oy? 
conductances, controlled from relays, and corresponding quantity of operation 


Magnitude U, by severai variabies Uy)» U 


amplifiers. Other equipment will be common for ail multiplication circuits, 

The device as a whole pogysesses a low passband and requires a Jarge number of 
electron tubes. 

b)Multipliers, based on application of Fuise voltage e dividers (t (time~ ~pulse 
devices), Multipliers considered ia this section are tased on change of spacing cf 


periodic sign-aiternating rectangular puises proportional to one of the co-factors 


and of the amplitude of these ;» |1ses proportional to the secon. 


a) 





Fig. led. Principles of construction of 
tLime-pulse multipliers, j--key contrclling 
units. 


In Fig. 123a is a skeleton diaeram of tne device, expiaining the principle cf 
its cperation. Fey K is periodically switched from contact A to contact 5, grcund‘ng 
thereby the lower, and then tha upper voltage divider. To the upper voltage civiac” 
is fed a positive value of first co~factor, and to the iower--a negative, cbtained 
with the help of sign-inverting amplifier 1. 


To the output of the device moves voltage af when key 13 on contact A 


’ 
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and-- al’, with transition of key to contact B. 

Let time of stay of key on contact A be t), on contact H, to, and total period 
of operation of key--T. 

We will calculate mean value of output voltage of device for period T: 


Se (8.34) 


u Oumar cp T 


From formula it, follows that mean value of output voltage will be proportional 
to product of Uy by relative duration (spacing) of operation of key: 
ia 8.1 
f=. (8.15) 


If one were to construct circuit of control of key K in such a manner that 


£ kj Ux, then 


Go» o= U,U ,2h,. 


(8.16) 

So that such a device operates correctly, it is necessary that frequency of 
switching of key is significantly higher than frequency of change of input signals 
Uy amd Uy, i.e., that for the period of operation of key K these voltages can be 
considered practically constant. Capacitor C serves to smooth the sign-alternating 
high-frequency pulses. 

For simplificatian it is possible to execute the circuit of the miltiplier 
with sign-alternating co-factors, using only a one-way key (Fig. 123b). In this 
case, 30 that output voltage of amplifier 2 had equal amplitudes during open and 
closed state of the key, obviously, it is necessary, that 

Rz = 2(R, + Ro). 

In recent years there have been offered a number of devices, working on this 
principle. These devices differ mainly in method of physical realization of key 
and circuit of obtaining the dependence € = k)U,. As key frequently there are 
used polarized relays, fed by alternating current (D. Isle [1], G. Korn and T. 
Korn '2)). 


Simultaneously with feeding by altermating current into coil of relay is 


introduced magnetizing, created by voltage Ux of second co-factor. Thanks to flow 


of magnetizing current armature of relay lags in one extreme position longer than 


in the other, and thus there is attained change of spacing of rectangular pulses. 


€ 





bo oe eae To improve linear dependence of spacing 

woe} eee Hye of pulses on voltage U, there ia applied 
gon — 
He "ae 1; 8 ect the campensational circuit (G. Korn and T. 
yo) ee Korn (2]) showm in Fig. 124. 
uy ee? 1 pep SS 
4 ie This circuit can work also in the 

Fig. 124. Electromechanical avsence of external alternating voltage due 
time-pulse multipliers with 
negative feedback, [TP -- to natural oscillations. 
polarized relays, i -~-static 
transmission factor of filter, Such multipliers ars outstanding in 


i1--smoothing filter. 
their simplicity and comparatively low cost. 


Error of their work is 5-3.5%, and passber. is not higher than 1 cycle. 
Desire to expand passoend of such devices and increase accuracy of their 


operation lead t+. rep.acement cf reiays by the electronic key. 


. The most wide-spread circuit of diode 
key, applied in these devices, is show 
in Fig. 125 for the case of a one-way 


key. To terminale M—N is fed alternately 





voltage from control unit by the key first 
Fig. 125. Circuit of diode +150 v and then +150 v. When there is fed 
oe +150v, both pairs of diodes open, whereupon 
tne difference of potentials between points a and b becomes equal to zero; the 
key is closec.. In the case of opposite polarity diodes are closed ami the key is 
open; the input sigral passes into the operational amplifier. 
In Fig. 126a is the functional, and in Fig. l26b the fundamental diagram of a 


multiplier, developed at the Academy of Sciences of USSR.* 


“Figs. 126 and 127 are borrowed from work of I. S. Bruk and N. N. Lenov [1]. 
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Stable frequency oscillator creates sinusoidal oscillations, which with the 
heip of pulse shaping circuit 4 will be converted into puises with frequency <.5 
ke, starting oscillator of saw-tooth oscillations IT. 

The pulse shaper at the beginning of each operating periad of the saw-tooth 
oscillator gives a pulsa to trigger T, bringing it to initial position. IP for 
each cycle of operation gives a voltage linearly variable in time with a small return 
time (cf the order of 0.05 T), symmetric relative to zero (Fig. 126b). Voltage 
ee moves to gain comparator CA, where it is compared with input voltage U,. 

At the moment of equality of U, and U, the gain comparator sends a pulse to 
second input of trigger T and transfers it to another position. Output voltage of 
the trigger controls the diode key, consisting of four double diodes and two 
voltage dividers (Fig. 127). 

From the diagram of change of voltages at separate joints os the circuit, in 
Fig. 126d, it follows that spacing of rectangula. puises at output will be 

tattpta ge. 

Therefore according to expression (€.14) mean value of output voltage will 
constitute 

Une oe = yo Uy (8.17) 

Stable frequency oscillator, pulse shave~ and suw-tvoth oscillator are mounted 
separately and are equipment, common to all multipliers the simulator. 

Voltage from [IP moves to gain comparator through cathode follower, reproducing 
input signal with error, not exceeding 0.05% (tubes J, and 4-1, on the diagram 
of Fig. 127), and eliminating interaction of separate multipliers of the installa- 
tion. The gain comparator is built by a circuit with pesitive feedback through 
transformer HT {tube 4g ). Trigger consists of doutls iricte oN8 (Is). 

Diode key consists of four 6N8 tubes ( ig -- 4, ), working in diode regime. 


With the he-p of toggle switch T it is possible to change the sign of ovtpur 


voltage of the device. 


-252- 


Sign-changing amplifier and output amplifier are standard operational amplifiers 


of an analog. 





Fi 26. ~Multiplier of analog of Academy of 
uv. ates of USSR. 
KEY: (a) Sign-changing amplifier; (b) Diode key. 

As expression (8.17) and analysis of work of such devices show, main sources 
of error for them will be: wunequalness of stsepmess of leading and trailing edges 
of pulses at the trigger output, instability of amplitude, error in linearity of 
voltage U,, » and also imprecise work of keys with increase of the ccamutation 
frequency. According to the data of N. N. Lenov [1], total error of such a device 


constitutes 1%, and the passband is 19 c. 


Fig. 127. Operation of mul- 
tiplier of Mg. 126. 

KEY: (a) Germanium; (b) 
Sign-changing amplifier. 
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It is possible to significantly decrease influence of above-mentioned factors 
on the device's error, if the circuit of conversion of co-factor , into spacing 
of rectangu.ar pulses is ex -uted on the principle of negative feedback, as this is 
offered in Vol. 2) cf Trana, Massachusetts Institute of Technology and in further 
developed bj; A. A. Fel'dbaum and A, I. Manukhin [1]. 

In distinction from earlier considered circuit here trigger T simultaneously con- 
trols two diode ona-way keys (Fig, 128). Key K) passes voltage of one of the co- 
factors Uy to output operational amplifier. To key Kz is fed a constant ‘reference 
vol age Uo. Output voltage Uo of key Ky is averaged by filter Ro, Cp and is fed 
into amplifier 1 through resistor Ro with a sign, opposite the sign of voltage Uy. 

Thus, for amplifier 1 there will te formed a negative feedback circuit through 
trigger T, key Ko, filter and resistor Rj. When Uy = Q there is established voltage 
U, of such magnitude that = 0. Voltage at integrating point 5 of amplifier 1 
will be 

= URE Rae Yer (8.18) 

With a very large amplification factor of amplifier 1 magnitude U, can be 

disregarded as compared with components of the right side of equation (8.18), and 
Ucy = Ue Re 
On the other hand, according to (8.14) 


U,, = 2UG. 
whence 
ae R, 1 
<= 2 au, Us (8.19) 


From expression (8.19) it follows that considered circuit with large meaning 
of amplification factor of amplifier 1] establishes proportionality between input 
Signal and spacing of rectangular pulses at the key output. 

Inetability of amplitude of voltage of saw-toothed oscillations Uu,  , 


amplification factor K: amplifier 1 and value of initial spacing does not affect 


accuracy of conversion. Equally small deflections in linearity of voltage /n- are 
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immaterial. 


Accuracy of result ‘sill depend on 
stability of U,. R and 7. 

This investigation carries a qualitative 
character, since by force of the finite 
value of amplification factor there will 
be introduced certain error. Fuwthermore, 
unequalness of time constant of charge 
and discharge of capacitor Cg during 


operation of the key will also affect the 





departure fram linear dependence (8.19). 
Fig. 128. Skeleton diagram of Fundamental circuit of a multiplier 
time-pulse multiplier with 
negative feedback and diode keys. is sham in Fig. 129, Six envelopes in the 
KEY: (a) To input of output 
operational amplifier. circuit are distributed as follows: J) 

and J. constitute d-c amplifier iL; 4, will form an asymmetric trigger with 

cathode coupling, i), ‘; 4, and A, ~-diode keys K, and K,. Tube 4 is 
common to diode keys K) and Ko. Capacitor C. serves to prevent of generation of 
the d-c amplifier, but capacitor C) will form integrating feedback, improving 
filtration of voltage in the circuit. Setting of trigger in intial position is 
carried out by a voltage pulse, appearing at the moment of a jump of saw-toothed 
voltage. Output voltage of considered multiplisr is determined on the basis of 
(8.14) and (8.19) by expression 
R, UL 
Ven 9 = Voy Tee: 
If reference voltage Up and voltage Uy change places, such a time-pulse device 
will execute the operation of division. 
Main parameters of the device (according to the data of A. A. Fel'dbaum and 


A. I. Manukhin [1] with Unr. frequency equal to 1000 c are such: 
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1) time of initiating the operating mode 12 min; 

2) maximum drift of ovtput voltage in 100 sec 8U-100 mv, in 10 min—14U mv; 

3) maximum error of product 10.4V; 

4) maximum background at outpur ] ov; 

5) gain-frequency response has a slump of lese than 5% for channel U, up to 
frequency 12 c, for channel Uy -~ up to frequency 16 ¢, 

Furtvuer improvement time-pulse multipliers has ueen in the direction o! 
increase of static accuracy and expansion of passband.* 

In the circuit (C. D. Morrill and R. VY. Saum [1]) show in Fig. 130 this is 
attained by transition to stabilized electronic keys (K, and Kz) and introduction 
into the self-excited regime a circuit of conversion of U, into spacing of pulses. 
Here there drops the need for a source of saw-t-othed voltage. 

Stabilized electronic key is an operationai amplifier with two feedback circuits 
parallel to the amplifier. Each feedback circuit is commtated by a double tricue, 
controlled through two-cycle amplifying cascade by rectangular pulses of trigger 
circult. 

Depending upon polarity of rectangular pulses, arriving wt grid of tube 4, 
tube 4, or 4, opens. Output voltage is removei fram points A and A' of keys 
K, and K2 accordingly. When the upper feedback circuit (Ry)) is cloned, the lower 
is open, and voltage U, is equal to voltage at integrating point of amplifier 1. In 
practice one can consider it equal to sero. Upon closing the lower feedback circuit 
the upper one opens and output voltage obtains the vaiue 

Us R Us. (8.20) 

With such a principle of construction of a key there is removed drift and 
influence of naturai perameters of commutating tubes on accuracy of work of system, 
and we con aiso increase frequency of commutation of voltage U, and thereby expand 


the passbard. 





#S5ee, for example, & A. Gelaberg (3], & Flater and K, Frantz (1). 
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Fig. 129. Fundamental circuit of multiplier. 


We will derive basic relationships for the considered circuit (Fig. 130). 


Tasks: tf Let voltages of operation of trigger 
oi eS circuit be e) and e, (e) > e,). Let us 
= | assume also that operation of trigger 

CS | - ~~ circuit after reaching e, corresponds to 
= closing of key ( Lis open, andd, is 
a i shut), and operation upen reaching ¢) 


corresponds to opening. 
Change of voltage at output of integrator 
3 for voth cases when me = 25 R3) = R39 


and Uo< O will be: 


Is 





‘ (8.21) 
' U U, 
Fig. 130. Time-pulse multiplier 6-4 = tik + Ri) at 
with stabilised key. 1, 2, 3, 4-- e 
amplifiers; 5--trigger circuit with 
two stable equilibrium positions. If US changes little during the timo 


T, and T., then duration of the section of build-up of voltage at output of 
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integrator will be 


jean. 
Re ~ Ra (8.22) 


For section of voltage drop we obtain analogously 


= Meee y: 
T, = On (8.23) 
R,, Ry 


Spacing of pulses, created by keys K; and K> when R3) R32, is determined by 


°xpression 
Mt Re 
=THheh Ce Ra (8,24) 
Mean value of output voltage of operational amplifier 4 when a ~ 2 and 
R,: R ,_ will be 
42 yy Pee Bn Pu Uy 
# aa Re Ry R 423 “Uy , (8.25) 
Frequency of natural oscillations of circuit of conversion of voltage U,. 
can be found when R32 = Ray from expression 
2 Ry 
7 1 oN eu) (8.26) 
Tt ; a (4-4) CR, ee e 


which shows that frequency of natural oscillations depends on magnitude of voltage 

Up» Uys time constant CR) and voltages of operation of trigger circuit. When 

Uy = 100 v this frequency of natural oacillations according to the data of C. D. 
Morrilland R. V. Baum [1] changes from f = 15 kilocycle when U, = C to f - 10 kilo- 
cycle when U, = 100 v. Error of preduct of such a miltiplier does not exceed U.1% and 
passbard lies from U to 200 cycles. Total of required envelopes is 18. 

Described devices, although possessing comparatively good technical character- 
istics, still are excessively complicated, unreliable and have exceptionally high 
cost. In recent years in connection with development of technology of semiconductor 
instruments and magnetic amplifiers there were repeated efforte to realize the time- 


pulse principle on tubeless elements (L. A. Finsi and R. A. Mathias [1], L. J. Craig 


ili, P. L. Van-Allen (1)). 


OM aiecd 
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As example let us consider the multiplier offered by R. L. Van-Allen. In it 
are used pulse dividers, controlled by keys, built on semiconductor triodes (R. L. 
Bright [1]). Relative duration of switched on state of key changes proportional 
to voltage, representing one of the co-factors, and amplitude of the voltage, 
commutated by the key, represents the second co-factor. Mean value of voltage, 
taken from load resistor here will be proportional to the product of the mentioned 


voltages of separate co-factors. 
a) rill 
EM f 
: r) 
ar} | 
RFS law f 
5 


b) 
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Fig. 131. Principle of action of time-pulse 

tiplier on semiconductor triodes and 
transformer with core, possessing a rectangular 
hysteresis loop. 

Ccaversion of voltage in relative duration of work of semiconductor key is 
carried out by special circuit, the basis of which is a transformer with core, 
made from material with a rectangular hysteresis loop. Change of flow in such a 
core under the influence of applied voltage U, one can determine fram expression 

r . 
oat [Uae x sec). (8.27) 
if one were t> ignore voltage drop in ohmic resistance of winding circuit I (Fig. 
13la). 
If at moment of application of voltage U, the core already was satureted under 


the influence, for example, of voltage of rectangular fora Enep and polarity U, such 
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that the core :s here magnetically reversed, then change cf flow for a fixed interval 
of time will be proportional to the mean val ~ of voltage U, for the same interval 
of time. With application of constant voltage of magnetization Fg and a 
disconiected Uy the recovery time of saturated state will be proportional the 
accumulated change of flow, and consequently, to the mean value of voltage Uy. 

Thanks to inclusion of diodes A) and Jy in the circuit of windings I and II 
there is achieved the required sequence of application of voltages U, and Enep 
Indeed, in the half-period, when Enep is disconnected from winding II, uncer 
action of voltage Uy in the core is stored a chan. ? of flow; in the other half- 
period after opening diode Dy there is a return to the former saturated state. 


Here for the duration of time fy : y dicde 4, closed under the influence of 


\ 2 
the voltage induced in the winding. Since S - S, (Fig. 131b), then 
T . 
tue =U, oF (8.28) 


In the half-pericd of connection of voltage U, in winding III there is induced 
a voltage of such polarity, that the semiconductor triode is closed (m*tential of 
base is higher than potential of the emitter) and resistance of the emitter-- 
collector section sharply increases. This state corresponds to opening of the key. 

In interval (« a ; polarity of induced voltage changes, the tricde 
opens and to load resistor in practice there is fed total voltage. 

Thus, the mean value of voltage on load .esistor for period T will be proportion- 
al to the desired product Uden Ud 

foun ey = FED, (8.29) 

In Fig. 132 is brmight a full fundamental circuit, designed for multiplication 
of sign-alternating co-factors. In this circuit for improvement of ccmmutation 
of circuits of voltage U, and Eng, there are introduce! two semiconductor keys 
Tp-5 and Tp-6 and an auxiliary transformer with windings W), W., W3; and W,, fed 


by voltage Ener - Besides, for limitation of current in the circuit Enep there 


— ae es 


are introduced diodes A, and A, with reference-voltags suumrs E. 

To guarantee accurate work there is required high degree of stabilization of 
voltages E and Enep - It ia necessary also that sources of U, and Uy possess 
constant internal resistance, not exceeding 1000 ohms. 

The passband is determined by the frequency 2f <ep » ano usuer.y .t8 upper 
boundary is at least an order lower than the frequency of Enep - Static accurac; 
according to the data of R. L. Van-Allen [1] constitutes +1% at constant temperature. 
During change of temperature from 0 to 60° accuracy falls to +4% (during change of 
input voltages in an interval from U to 16 v). 


& wr 





Fig. 132. Fundamental circuit of time- 
pulse multiplier made of magnetic elements 
with a rectangular hysteresis loop ari 
semiconductor triode keys. 


A dividing .ime-pulae device, made cut of these elemerits, is busa! on 
peculiarities of corer with rectangular hysteresis loops, consisting of the fact 
that the time of reverse magnetisation of core from one state of saturation to the 
other ise reciprocal to the amplitude of the magnetion-reversing voltage (D. 
Schaefer (1]). 

Analysis of work of described devices shows that they still cannot completely 


replace tube devices. Their further development and improvenent are in direct. 
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dependence on improvement of technical indices of semiconductor triodes and cores 
with a rectangular hysteresis loop. 

Multipliers based on modulations of input voltages. Application of various 
methods of modulation uf vignals allows us practically with that same tatic 
accuracy tu construct a multiplier with a significantly wider passband as campared 
with the above considcred time-pulse systems. 

We distinguist: ‘evicez, based on amplitude (M. Mehron and W. Otto [1]) and or 
a combined amplitude and frequency u, stem of modulation of signals. 

An example of a device of the first type is the multiplier of the Massachusetts 
Institute of Technology (see B. Chance, V. Huges {1]), a skeleton diagram of which 


is shown in Fig. 133. 
“Pega . 
4s 8 


fy Uap th haa} 


reece i esas rag 





Fig. 133. Multiplier, based on amplitude modulation 
of signal. i--vontrolled sentir: with amplification 
factor m]; 2--controlled amplifier with amplification 
factor m2, 3, 4--generators with frequency wo, Ww); 5, 
4, 7--recti fiers, 8.--cathode follower, 9, 10---filters, 
tuned to frequencies Wy, Woe 
Basis of this device is two medulators 1 and 2, made in the form of amplifiers 
with amplification factor, changing proportional to one of the applied voltages. 
as sucn amplifiers one can use, for example, cascades of vacuum-tube amplifiers, 
constricted from "varimu" tubes or multigrid tubes. 
To amplifier 1 is fed signal U, constant in amplitude and of frequency w)- 
This signal after amplification is rectified and is compared with input signal U,. 


If both signals are unequal, then there appears a differential signal at the input 
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of integrator, and to amplifier 1 is fed tension until its amplification factor 
changes so that 
U, = bmU, (@,). (8.30) 

Thus, by the considered negative feedback circuit thers ia estadlished linear 
dependence of the amplification factor of the amplifier 1 on voltage U, of the first 
co-factor independently of change (within certain limits) of parameters and operating 
conditions of amplifier 1. 

Ouipat signal of amplifier 1 here is a signal with frequency w; and an amplitude, 
variable proportional to input signal U,. This signal is summed with a signal of 
frequency 2 and constant amplituce U5. T..is sum goves into amplifier 2 with changed 
atiplification factor, Linear dependence between amplification factor of amplifier 
2 ami voltage Uy» representing the second co-factor, is attained also by application 
of a negative feedback circuit. Here output voltage of amplifier 2 after separating 
voltage of frequency wo and rectificaticn _s compared with Uy, and the difference 
after intergration changes the amplification. factor of amplifier 2 until 

U, = bm U, (oy). (8.31) 

Output voltage of arplifier 2 is simultaneously passed through filter 9, 
separating signals with frequency w,, and then after rectifier 7 moves to the 
cutput threugh cathade fcllower 8. 

Output voltage of cathode follower here wiil be 

U, = bp mm U , (@,). 
Substituting in this expression values of m: and mp from (8.30) and (8.31), we will 
receive finally 
U.= ob, UL, 
ed (8.32) 

Such a multiplier can be made with accuracy up to +0.1% and a passband with une 

constant co-factor up to 1000 cycles. 


The main deficiency is comparative equipment complexity (there are required 


more than 12 envelopes), and impossibility of direct fulfillment of operation of 
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multiplication with sign-alternating co-factors, since during conversion of input 
Signals into voltage of carrier frequencies polarity is lost. 

The latter deficiency can be eliminated, if we use a special modulator circuit 
(L. A. Lukashevich [1)), which permits us to obtain also negative values of the 
modulation factor, i.e., change the phase of the voltage of the carrier frequency 
depending upon the sign of modulating voltage an: replace in the circuit of Fig. 
133 omiinary rectifiers with phase-sensitive ones. 

Fundamental circuit of such modulator is presented in Fig. 134. 

Voltage of carrier freuuency Uiw) is fed in anti-phase by secondary windings 
of transformer T to grids of a triode and heptode, which work on the total plate 
load. Voltage Uy controle steepness of characteristic of heptode. 

If steepness of heptode and triode is identical for a certain value Uy = 0 ‘ 
then the variable output component will equal sero and, consequently, m= 0. With 
increase of voltage Up steepness of heptode increases, and output voltage receives 
phase, determined by halfwinding 1 of the transformer. Here m> 0. when Up < a 
the phase of output voltage changes 180° and the modulation factor becomes m< 0. 

A multiplier made with such modulators by the general diagram of Fig. 133, 
ensures accuracy of 0.3% with a band of frequencies up to 10 kilocycles for both 
co-factors. Frequency of carriers in the circuit of L. A. Lukashevich was 


selected f, = 1200 ke and f, = 500 kilocycles. 


50 
f Oauz ohmling 


Fig. 134. Furiamental circuit of phase- 
sensitive medulator. 
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As compared with time-pulse circuits here there is attained a significantly 
wider passband, although there is lost simplicity of realization of several dividers 
with identically changing transmission factor. 

Multipliers with combined amplitude and frequency modulation of signals do not 
have advantages as compared with devices with double amplitude modulation and 
therefore are not considered here. 

Description and detailed analysis of these devices can be found in works of 
K. E, Erglis and wW. A, McCool [1]. 

3. Multipliers Made from Quadratic 
Functional Generators. 


Methods of constructing multipliers from ratic functional generators. 





Structure of multipler, reproducing expression (8.1), in inany respects depends on 


two factors: the method of obtaining sums (U, + Uy) and (U, sale Uy) and peculiarities 


of functional generators, utilized for obtaining quadratic dependence. 


of 
R, > 
f =? 





Fig. 135. Multiplier with quadratic functional generators. 


In functional ,enerators, made on the basis of piecewise-linear approximation 
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by diode elements {see Ch. V and VI), and also with artificial deformation of 
nonlinear characteristics of certain semiconductors (thyrite, germanium), quadratic 
dependence of current of nonlinear element on input voltage is reproduced only with 
one sign of the input signal. In connection with this in such multipliers appears 


y) 
The necessity of singling out the modulo of these sums completely drops with use 


the problem singling out the modulo of sums (U, + Uy) and (U, — U 


of a quadratic functional generator, in principle allowing work with both signs 
of input signal. Among such functional generato-s in first place are devices 
based on use of electron-beam tubes with an inner or outer screen (see Ch. VII). 
Application of these devices brings the necessity of inverting of output voltage 
of one of the quadratic functional generators. 

In Fig. 135 is brought a circuit of a multiplier based on diode square-lay 
generators, developed in industry (see I. M. Vittenberg [2], and also L. N. 
Fitsner [1]). In this circuit for formation of the required sums there are used 
three operational amplifiers 1, 2, and 3. Amplifier 1] works as a sign inverter. 
For formation of modulo there is applied an ordinary circuit (see, for example, 
Fig. 85, page 172), in which as gates are used circuits of quadratic functional 
generators, working only in one quadrant. Amplifiers 4 and 5 serve to change 
polarity of input signal. By force of such specifics of use of quadratic functional 
generators in the circuit there are introduced four generators. 

The upper two quadratic generators work only with positive input voltage, and 
the lower--only with negative. Their output currents have opposite directions. 
This is attained by various methods of coupling diode elements (Fig. 135). 

Multipliers of electronic analogs must. give the possibility of establishing 
the required (positive or negative) sign of output voltage independently of the 
sign of input voltages. In the considered circuit this is possible to execute 
by a switch by change of the place of connecting of the upper anid lower pair of 


square-law generators. Such multipliers equipped the electronic analog of type 


MN-2. 

Simplification of the circuit of Fig. 135 can be conducted by change of the 
methods of summation to ‘nput voltages and methods of singling out the modulo of 
sums. In the functional diagram (M. A. Shnaydman [2]) in Pig. 136, summation of 
input signals is carried out by two operational amplifiers, where the halfdifference 
of Ux and Uy is obtained here by addition to one of co-factors (in the considered 
circuit to Uy) the halfsum of U, and Uy with reverse sign, obtained from output 
of operational amplifier 1. Singling out of modulo is ca=ried out by coupling in 
each channel of square-law generators with various signs. Depending upon polarity 
of the signal in the channel one or another quadratic functional generator works. 

So that output current of upper square-law generators always has a positive direction, 
and the lower--negative, there is connected an additional sign-irverting amplifier 

3. Switch [I] serves to change polarity of output voltage. Further simplification 
of circuit (Fig. 137a) can be is attained by transition to summation of input 

Signals by resistances and singling out of the modulo of these sums by diode gate 
circuits (I. M. Vittenberg [2], L. N. Fitsner [1]). Such multipliers are applied 


in the latest types of nonlinear models (type MN-7). 





bes 


Fig. 136. The same as Pig. 135, but with another methad of 
formation of the sum and singling out of aodulo. 


Analysis of these variants of functional circuits shows that in the last 
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circuit of Fig. 157a the number of operational amplifiers can be reduced to two 
by ancther method of summation of input vc.tages of Fig. 137b. This variant 
requires for its realization a minimum of elements and, apparently, represents 
the limit of simpl’ fication of the circuit, which can be achieved. 

All circuits in Fig. 137 are built on quadratic functional generators with diode 
elements, which differ from these applied in diode universal generators only by the 
fact tha’ in them the output magnitude is current, and steepness of their character- 
istic is established not by a voltage divider, but by selection of the required 
value R, for given R, and Ro. 

For the purpose of conserving on resistors for assignment of reference voltage 
there is used a series, and not a parallel divider. Circuits of square-law 
generator3 with positive and negative output currents are shown in Fig. i138. 

Error of these multipliers is 0.6-0.8%. Passband is limited to the passband 
of the operational amplifiers. 

Main deficiency of these circuits (especially the two latter ones) consists in 
difficulties of calculation and adjustment of separate square-law generators. This 


U,+U, ue, 


is caused by tne fac’ that source of signal = and has 





significant internai resistance and is loaded wit’: variable resistance of diode 
circuits, depending on magnitude of voltages applied to them. Furthermore, to 
guarantee correct summation it is necessary to introduce secondary voltage for 
compensation of influence of reference voltage on integrating circuits. To decrease 
influences of resistance of diodes of the gating circuit in conducting direction it 
is necessary to incrsase resistance of series divider which in turn requires 
transition to higher ratings of resistances in the remaining circuit. 

Application for conetruction of square-law generators for multipliers of diode 
elements with potentially grounded diodes, possessing integrating properties, 
allows us to eliminate above-indicated deficiencies, In Fig. 139 is brought 


functional diagram of multiplier with potentially grounded dicdes cf the analog 
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EMU-5 (V. V. Gurov, B. Ya. Kogan, A. D. Talantsev, V. A. Trapeznikov [1]). 
Summation of voltages of separate co-factors is transferred directly to diode 
elements of square-law generators. 

Functionai diagram, shown in Fig. 140, indicate a way of further simplification 
of multipliers constructed from square-law generators, possessing integrating 
properties. 

Of principal interest is the method of singling out the modulo of the sum and 
difference of input magnitudes, offered in the work of A. A. Maslov (1] and 
depicted in Fig. 140b. 

On diode elemencs of the upper squaére-law generatcr here are summarized the 


following quantities: 


1 
=U =(U,+U,)5 + when 


0 U,+ > 
Leapsegsipam veut 
On diodes of the lower square-law generator 
LU = - at + mia(U,. U,) = — nee _ (8.34) 
Coefficient + in the first camponent of formula (8.33) is obtained by 
summation on the dicde element of voltages U, and Uy with weight > ; second 


component, included in braces, is obtained by switching on diode .], , wherein 
voltage after diode 4, is summed on resistors of the main diade element with 
weight 2. Secand casponent in expression (3.34) is obtained by application of 
special circuit of singling out the least of the two voltages U, and Uy. 

as is knom from theory of rectifying circuite, during connection of two 
rectifiers by like-sign electrodes and feeding of remaining electrodes from two 
independent sour:es that rectifier will pass the current, on whose plate the 


potential is higher and on ihe cathode, iower. Therefore during supplying cathodes 
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plier according to 


Modification of & multi 


Fig. 140. 
Fig. 139- 

m3 voltages U, and Uy there will be cransmitted to the 
least value. 


potential of point a is 


of diodes Ag and 
at the given pment. has the So that the 


uit that voltage, which 
ei also during positiv 


circ 
device work e voltagas Ux and Uy, the 


- Ce 


raised by voltage 
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When the formation of modulo fo a difference with a plus sign is indispensable 
expression (8.34) ie replaced by 
Mu = bp + mau(U,, Uy =: le i ny (8.35) 
Here it is necessary to single out the greater of the two voltages Ux and Ny. 
Obviously, for that it is sufficient to change the circuit diagram of diodes, 
coupling diodes by cathodes, and change the sign of the reference voltage. 


We will calculate the value of the potential at point 4 when U,>U,>U in 


y 
the circuit of separating min (U,, Uy). Considering equivalent the resistance of 
the diode circuit of the square-law generator Ry and resistance of diode By in 
coraucting direction Ry , we will receive 
~ tue Hl, 
pee ee (8.36) 

(aot ay)ee ot 
If resistance Ry is smal] as compared with R, and Ry, then it is possible to 
consider that 

e=tU,. 


Thus, the circuit will work more accurately, the less the value of Ry ‘ 
From this point of view for such circuits it is most rational to use semiconductor 
dicdes. 

In the considered circuits of multipliers the total input current aiways should 


be equal to 


+ hy=al Gere Oy ox Ce vy ‘I. (8.37) 


where a ig the proportionality factor. 
For an output integrating operational amplifier this equality is correct: 
; fs 
4, + iy= = le = Re . 
whence 


U,= aR LU dU - UU a RU, (8.28) 


So that when Uy ~ U. = 100 v we receive U, =~ 1 v, casfficient a on the basis 


y 
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of (8.38) should be 
sags: 

Multipliers of this type may also be used to exectue dividing cperations 
according to the diagram brought earlier in Fig. 119b. With this aim the multiplier 
is connected in a feedback circuit of an integrating amplifier (V. V. Gurov, B. Ya. 
Kogan, A. D. Talantsev, V. A. Trapetnikecy [1]). 

Input voltages of tne multiplier now will be Uy and Uy where U is removed fram 
the output terminal of the integrating amplifier. To the integrating amplifier 
through resistor R) is fed voltage U,, representing the dividend. As before, for 


the integrating amplifier the relationship I, =-I, 18 correct and, since 


I= Be: feeal Uy. 
then 
U, 
U.= — RU," (8.39) 


Voltage Uy changes the conductance of feedback circuit so that with growth 
of Uy conductance increases and output signa! decreases. With a low Uy comiuctance 
becaowss minute and integrating amplifier approaches even with a minute signal Ux 
saturation (‘reproduction of » "), During change of sign of voltage U, it is 
necessary for observance of conditions of static stability (presence of negative 
feedback) to change the sign of the current characteristic of the multiplier. 
Coefficient due to selection of R} usually is selected equal to 10. 

Error of fulfillment cf operation of division doew not exceed 1.5-2%. 

Transition from a multiplication circuit to a division circuit usually is 
carried out by means of simple commutation by a toggle switch. 

Peculiarities of calculation and construction of quadratic elements of multi- 
piiers. Calculation of square-law generators, made fram diode eloments with load 


resistor (see diagram of Fig. 138.) presents great difficulties. 


We will shor, how ome calculates a circuit when using dicde elements with 


potentially grounded diades. 
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Current characteristics of separate square-law generators on the basis of 


(8.37) will be: =2a}U,4U,! 
y= --3[U,- UR 


1 
= GOR, 


Steepness of current characteristics will be 
$,2:21U, +U,]. Sye- UU Yt 
Maximum voitage of the argument will be 
JU, AU, imag = 200 ©. 

Allowing an error cf approximation « - 0.25 v and decampossing in such a 
manner that the first segment of the straight line originates from the origin of 
coordinates, and points of switching lie on the ideal curve, we will receive directly 
fron Fig. 141 all data necessary for calculation. Indeed, shaied area F expresses 


error in reporduction of current characteristic, and therefore 
(8.40) 


Sioa = 


- 


sf 





ee 





wee ener wmem --- 











4 © Do DB bt, 


6 
: fas Ge 


8 


Fig. 141. Calculation of square-law 
generators of multipliers. 


On the other hand, from expression for steepness of current characteristics it 


follows: 


(8.41) 
ay, a On 122. 


From expressions (8.40) and (8.41) we find: 








‘ 
eae V aie: 
fst (8.42) 
ay, = 2 ¥ ke 


si one cet =02 ‘Wists ; 
When a= wre and s=025 v we will receive 1 RE and e¢ 


eek Iv. 


From Fig. 14] it follows that decamposition of argument will be uniform: 


5, == 9. 
n= 265, = WY. 
n= aes, tl 1). 


o> Qe, fa I= .BOV , 


whence the number n of sections of decomposition is 


n= 16, 


Increase of conductance fer first diode elament will constitute 


i i 
BY, = 0.05 ~ = R~. 


For subsequent diode elements all increases turn out +c be identical and equal 


AY, =3¥,= ... =A%y=23Y,=0.1 Re Be 


Thus, immediately are determined salues of a)] equivalent resistances: 


Ry, = 20R,. 
Ry = Ry. ich = Ry, = 10R,,. 


By resulting values of = e* we find: 


ox 


& 
ry; =R, ey; = 30, 
on 








= fon = 102 S = 13R:. 
GTN Bg a. 
Vy = Ry a, = 10R,, wo anal 7,9Res 
on 
7, = SR. 


3200 
‘=e Re = 3.75Ree- 
300 
% = jo Rw =— 3Re- 
300 ; 
fy = rv" Rx = 2.5 Roe 
= s Ro = 2.18R,,.. 
= kned Roe = 1.8PRie- 


l= ad Ry. = 1.67Rg. 
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Jaing theorem of equivalent generator, we determine by found values of 
equivalent resistances of resistance Ray ‘ Ros and Ray in each i-th integrating 
diode element. 


Thus, for example, for upper square-law gsnerator of the circuit of Fig. 14Ub, 


we obtain 
U,t, U,-U, | U,V, 
tee (AP) 0 0, (A ae = eg 0) Se 
From this expression it follows that 
Ru fu n= Rep 22 
Ra Ry Ru 


whence 





Fig. 142. Circuit of square-law generator of 
muliiplier made by the circuit of Fig. 140b. 


Application of diode square-law generators, based on piecewise-linear approxi- 
mation, in considered multipliers along with merits (wide passband ani sufficiently 
high accuracy (0.5-1%) has also a number of deficiencies. Among them one be 
mentioned the necessity of expenditure of power on heating diodes and stabilisation 
of reference-voltage source, stepnature of reproduction steepness of characteristic 
and limited period of service. | 


Multipliers, based on epplication of square-law generators, using natura) 
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quadratic nonlinear resistances, in principle should be free from these deficiencies. 
However till now wide application of such multipliers has been limited ty unstability 
of natural nonlinear characteristics and inaccuracy of epproximation of their 
characteristics to quadratic ones. In connection with this such devicer on the 
whole possessed a low operating accuracy. As an example there is the miltiplier 
for a correlator (I. N. Holmes, M. A. Duken (1), K. W. Goff [1]), in which as 
quadratic nonlinear characteristic is used dependence of ~late current of pantode 
on voltage of its grid, approximated by expression 

i, at be, + C44. (8.43) 

Error or such a multiplies is not less than &. 

In recent years considerable attention was allotted to use for quadratic 
elements of certain carborundum resistors (thyrite, villaite), possessing stable 
volt-ampere characteristics (A. A. Maslov [1], M. A. Rozenblat and 0. 4. Sedykh [1], 
L. D. Kovach and W. Comley [1], G. N. Balasanov [1], V. L. Benin [1], L. N. 

Fitsner [2]). 

In Fig. 143a is brought a typical volt-ampere characteristic of carborundum 
(thyrite) disk 50 mm in diameter and 10 mm in height. This characteristic differs 
from a quadratic one and usually is approximated (M. A. Rosenblat and 0. A. Sedykh 
{1]) by expressions: 


1, = 4,0, + 0,6 + 6,48. 


or (8.44) 


|, == het, 
where a), 6), ¢) and k, n are constants, determined from experimentally received 
characteristics. 

In order to obtain a nonlinear dependence, close tc a quadratic one, by the 
natural characteristic of thyrite, the latter should be deformed, constituting 


an electric circuit, which is a combination of linear resistances and the 


resistance of thyrite. 
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Circuit diagrams of thyrite, applied at present, are presented in Fig. 143b. 

Coupling in a series resistor (L. D. Kovach and W. Comley [{1]) as it were 
stretches and straightens the volt-ampere characteristic of tyrite, at the same 
time reducing its working section in the same limits of change of inyut signal. 

Coupling in a parallel resistor (A. A. Maslov [1], L. N. Fitsner [2]) cause 
turn of the characteristic a certain angle to the left or to the right depending 
upon sign of conductance of parallel circuit. Therefore in general in parallel 
cireuit there should be a sign-inverter. 

Application of two adjusting resistors R, and R2 allows us more accurately to 


move the characteristic of thyrite to the given characteristic, not complicating 


here considerably calculation of the circuit. 
hua] 





Fig. 143. Volt-empure characteristic of thyrite and 
circuit diagram. I--ideal quadratic current character- 
istic; Il--current characteristic of thyrite; III-- 
current characteristic of thyrite with series 

connected resistor. 


KEY: (a) Thyrite. 


Determination of required values of resistors R) ar-: R2 in principle can be 
done analytically (V. L. Benin [1]), using one or arother analytic expression for 
volt-ampere characteristic of thyrite and placing thy con:ition of minimm integral 
quadratic error. However this does not leed to exj“eseicns in closed form and an 
answer can be obtained only by method of successivs approximations. 

More expedient turned out to be the method, consisting of the fact that the 
characteristic of thyrite is approximated by st: expression, determining the ideal 
characteristic which thyrite ought to have in the considered circuit so that the 
circuit as a whole had a quadratic current ciaracteristic. 

For a circuit with parallel connection of resistances it turns out that ideal 
current characteristic of thyrite, deturuined through parameters of circuit, 


should have form 
a? a r a ge, 
= 


te Tat om Bite (8.45) 
where k = e , m-the scale factor of ideal quadratic current character- 
' 
istic of circuit, ae ac! ~-Lineer 


OR Kz 
conductances of circuit, ¢ --voltage am thyrite 
resister. 
Taking for aparcctantion of volt-ampere charecteristic of real thyrite the form 
of relationship (8.45), we obtain 
I,mwa— Val — be, — ce, (8.46) 
From comparison of expressions (8.45) and (8.46) ensue relationships, connecting 
parameters cf circuit with parameters of thyrite: 
i i 


R= = >. 


a e 


R= Bethe’ (8.47) 


é 
a=-+-: 


Coefficients a, b and c are determined by coordinates of takree points of 
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experimentally received characteristic of thyrite (6... f1)); (yg. tiad-(@yg. Mey) 


. rom expressions: 
ee AAV 
6 


es full + fee + eta mele | cot 
a (eys/ig — Cra! rd : 
b= 9a (S15 + ¢¢ys) —ths 4 er? . 
Os 


Values of a , § and Y are found from expressions: 


Oe lOO rah ry (Og — Ory) — Ceara Ors — On A Oats (Ory — 
Pell erl ey (Org — Oy) — eshyateg les — Cnn) Hailed yy lay -- Cag. 
Tt =Vilatala — hi Abate — AW) om Caled tha a la 
These formulas* allow us to calculate parameters of circuit of square-law 
generator so that its characteristic will coincide with the given one at three 
points. So that at remaining points we receive the best approximation of character- 
istic of circuit to the given, selection of points on experimental volt-ampere 
characteristic of thyrite for finding parameters a, b and c one should execute 
graphically by the polygon of P. L. Chebyshev (”. Ye. Fobrinskiy [1]). 
Since at the basis of analytic determination of values of linear conductances 
of circuit =z and an-% lie experimentally received values of coordi- 
nates of three pointe on volt-aempere characteristic of thyrite and since the 
variance of characterisitcs of thyrite f{.cm sanple to sample is very great, then 
the expreimental method of determination of these conductances also merite attention. 
Essence of method is easily perceived from Fig. lit. To input of integrating 
amplifier 2 are connected two input circuits. One circuit is composed of a 
standard equare-las generator and sign-inverting scale unit 1 the other circuit will : 
be formed from tested thyrite with series connected resistor R, and resistc~ Ro» . 
connected to s source of reverse polarity. In case of complete coincidence of 


r 


characterietics of ideal square-law generator and circuit with thyrite the sum of 





*Derivation of these formulas and development of methods of calculation belong | 
to A. A. Maslov [1]. 
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currents /,+/,-=0 for all values of input voltage E. Coincidence of currents is 
fixed by & sero reading of a voltmeter, connected to ovtput of adder. In practice 
selection of the resistance is conducted taking into account given allowances fcr 
noncoincidence of current characteristics. Selecting on the basis of calculation 
te:.tatively resistor R), then by change of scale m by setting of the transmission 
factor of amplifier 1 we seek atreightexning of the characteristic of error (see 
curve \/,, in Fig. lusb). After that by coupling R, we introduce error within 


the given allowance. 


of 






Ss 
~~ 


ete RSRRRS 


Fig. lbh. Method of experimental determination of parameters of circuit diagram of 
thyrite for square-law generators. l--scale unit; 2--integreting amplifier; 3-- 
standard equare-law generator. I--ideal quadratic current characteristic; JI-- 
current characteristic of thyrite; IiI-current charecteristic of thyrite with 


series connected resistance. 
KEY: (a) Thyrite; (b) Permissible. 





RR 


Circuits of multipliers made from thyrite square-law generators (L. N. Fitsner 

[2], A. A. Maslov [1]) are shown in Figs. 145 and 146. “he circuit shom in Fig. 
146 is outstanding in its minisnm number of operational amplifiers (two) and gives 

: at low current levels great accuracy of approximation of characteristic of circuit 
with thyrite to a quadratic one. Switch JJ] serves to change polarity of output 
signal, and switch iP --for selection of operating regime (division or multip.i- 


cation). In both circuits summation is carried out directly on thyrite resistors. 





Fig. 145. Circuit of multiplier made of thyrites. 
KEY: (a) Thyrite; (b) Thermistor. 


r we (a) 
6, e_ Pa et type’ pur 
2 )%, a4 7 (wif 2) 
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pre _ “i ; 


Fig. 146. Modification of circuit of multiplier with 
thyrites. 

KEY: (a) Multiply; (b) Divide; (c) O0Ts 21, etc; (d) 
Thyrite; (e) Thermistor, 


For compensation of error, caused by dependence of resistance of thyrite on temper- 


ature, there are used thermistors with negat:ve temperature coefficient. Resistors 
Rg, Ryo (Fig. 145) and Rag (Pig. 146) serve for equalising transaission factor of 
lower square-law generator. Circuits of Fig. 145 and Fig. 146 differ in 
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methods of singling out the modulo ami method of approximation of characteristic 
of thyrite to the quadratic. In the first there are used for singiing cut the 
modulo commutating circuits; in the second--the method, presented on pages 263 and 270, 
in reference to a multiplier with diode square-law generators. One deficiency 
of the latter circuit as compared with a circuit with three opsretional amplifiers 
is increase of requirements for lowering phase distortions, introduced by inverting 
swplifier 1. 

Error of work of such multipliers does not exceed 1%, and passbend is 100 c. 

4. Multipliers Based on Combining the 
Considered Principles 

Multipliers of thie type reproduce relationship (8.1) without use of special 

quadratic functional generators. 
Vy teaeDy(w) D,00-Dy boy In Fig. 147 is brought fundamental 

cireuit (offered by I. S. Bruk, see N. N. 
Lenov [1)) of a multipler, in which repro- 
duction of sham relationship is based on 
obtaining meen value of rectified eum of 
two alternating voltages, shifted 9”. To 
input of device are fed voltages U, + U 


y 
and Uy — Uy, moduiated by frequency « , 





and the voltage of carrier frequency E ( « ), 


Fig. 147. Circuit of 


multiplier, based on shifted with respect to voltages (U, + U_) 
obtaining the mean value 7 
of rectified sum and and (U, — U,) W°. Dicdes 4) amt ~2 
difference of two a-c 

voltages. serve as halfwave rectifiers, providing 


similtaneous correct operation of the device with sign-alterneting input signals. 


Mean value of rectified voltages U. ami wU, can be found from expressions: 


Wary = ak VU,F+ OFFA. 


(6.48) 
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which with sufficiently large E can approximatel, be presented in the form: 


—e R [ Hi t 
(Us, Pe Tat & I is + y( “s yy 
E i " (8.49) 
(Us), * . eel('4 a cry 
Difterence of potentials between points a ant » of circuit will be 
VU = U' — l, -+1U } =! R fil! U = u t' % 
, of ( oA A Selep @c£ ke. ly gg OOM ot | 
2 (8.5v) 
=a RUW, 





Fig. 148. circuit of multiplier in which for obtaining 
quadratic dependences there is used the theorem of the 
area of similar triangles. 

In the muliplier (I. S. Bruk [2)) presented in Fig. 148 for squaring there is 
used tne thearen known from elementary geometry that the area of similar triangies 
vary as tne squares of their altitudes, For conversion of voltage of input signals 
intc pulses of triangular form with altitude, proportional (7 the resultant input 


Signal U, + UL or Uy + Uy, to the input of each branch ia fed additionally a 


7 
Saw-toothed voltage. Voltages at points a and b of the circuit will differ from 
tero whan OU’, +’, > 1U,,| and 1U,—U, >is: and diodes 
and (5 are locked. Here voltages at points a and o will change as sham in Fig. 
1,8, repreventing triangular pulses with altituie (U, + Uy) and (U, — Uy). 


Areas cf these pulses are 


S,h(U,—U,P, Sy = — aU, + UY, (8.51) 
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Mean value of output vcitage is 
S,4 ~I : 
Uz =~ GI = We (WU, ~ UP, + UF = te UA, (8.52) 


For correct operation of the device it is necessary that U,+U,\an <[U,,!. 
and the frequency of repetition of saw-tocthed oscillatione was, at least, two 
orders higher than the freqvency of change of input signals. It is natural that 
accuracy of operation of the multiplier directly depamds on linearity and stebility 


of veltage 2f gemerator of saw-toothed voltages. 





Fig. 149. One variant of sealisation of circuit of Fig. 
148. 1--subtractor-1; 2--filter. 


Qn this principle there was built a aultiplier (R. L. Mills [:]}) using cyclic 
comection of rectifiers for singling out triangular pulses of required polarity 
(Pig. 149). Potential diagram of voltages, applied in sections a and b of the 
annular circuit when (U, + Uy) > 0 and (U, — uy) > 0, i8 show in the same 
figure. 

From analysis of the circuit it follows that mean value of output voltage of the 
subtractor for the period of change of U,, will be 


a” 
Since triangles with areas 5), (S, + 5,» 5,. S, are similar, then: 


Coa ais a Ss (8.53) 


Sym bWet Ur Uy StS = 0 U,~ UDP. 
$,=<8U+U,—U,P.  S=4We—U,—U,?. 


r 
where k= @. 
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After substituting these valves {- (8.53) we will received finally: 
a . 2 
One = age KU, + UP—W, aa U,FI- : Ua U.U,. (8.54) 


®e 
Ya-«0,U, 
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Fig. 150. Second variant of multiplier on the 
circuit of Fig. 148. 1--generator of saw-toothed 
voltage, = -~-adder;, <--subtractor; 3--unit for 
change of sig. 


An interesting modification of methad of physical reelization of considered 


principle of construction of sultipliers (K. H. Norsworthy [1]) is illustrated 


by skeleton diagram of Fig. 150. Instead of an annular circuit diagram of rectifiers 


here are used two identical commtating circuits. In each circuit the cathode of 

one dicde is supported by a positive voltage, while plates of other diodes are 

connected through resistances to the ground. Amplitude of saw-toothed voltage 

Une is selected equal to magnitude of reference voltage 65, . Potential 

diagrams of voltage at points P), & and P2, Qo show that mean value of voltage at 

these points are: 
when 


(U,+ U,)>0 
Urry = leg + ue (U,+ U,¥, 
Uap = 0; 
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Big. 151. Fundamental circuit of mitiplier 
fulfilled according to Fig. 150. l--saw- 
toothed generator; 2--unit of oe of eign; 
3--reference-valts @ source; =Ro = R. 
=R, = Ro @R bas kom, R mR =7470 bom, 
Ro & Ryg= Rye = R = 68 kim, Ry = Ry, = 

- rte = RR, = 820 kom. 

(a) Outlet. 
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E U,+U,) <0 
‘ (Up, hep ca Come 
he 
Ware =— “tag (Ua t UF . 
when 
é U.- U, >od 
= ’ 
rs (Ye, )ep = Fou + Berg Us ~U ¥, 
é (Va, = 9: 
¥ 
i U,--U, <0 
(Up dep == Con: 
! 
War, =~ tag Ue — U,P. 
Mean value of output voltage of subtractor here is determined by sum 
U, co {(Up, Yep +i dph —_— (Ue, ‘ep + (Upp) 
With any combinations of signs of input signals this expression leads to 
relationship ‘ 
Usa, ar UP Us UN UU, (8.55) 
Fundamental circuit. of such a miltiplier is shom in Fig. 151. 
As source of saw-toothed voltage there is used a special generator, made from 
three envelopes, providing a frequency of output voltage from 1 to 2 kilocycles. 
Reference-voltage source in the circuit should have low internal resistance. 
Error of device constitutes 1%. Maximum frequency of input signal 50 c. 
i 
i 
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CHAPTER &X 


PRINCIPLES OF CONSTRUCTION OF D-C ELECTRONIC 
ANALOG COMPUTERS 


1, Composition of Computing Elements, Methods of Th Their_Arpangancns tb 
Installation and Interconnection for Solving a en. 


Composition of computing elements of an electronic analog iz determined by 
assignment of computer. We distinguish general-purpose and specialised devices. 
General-purpose computers have as their main assignment solution of ordinary 
linear and nonlinear differential equations, occurring during investigation of 
dynamics of various technical devices. Specialised computers are intended for 
investigation of only one definite class of these devices ani therefore must 
provide resolution of differential equations of fixed structure. As an example 
there can serve various link trainers (see G. B. Ringham cnd A. E. Culter [1)), 
installation of type "Typhoon'+) and "Tridac, Ht adapted correspondingly for 
instruction of flying staff and solution of problems of dynamics of guided nissiles. 

In specialised devices depending upon their assignment there can be provided 
completely definite composition of computing elements. 





ew computer aids air defense (Project Typhoon), Hlectronics, 1951, Vol. 24, 
Wo. 2, page 132. (For short characteristic and photo of general appearance see 
appendix II, page 168, 


#0Three-dimensional analogue computer, Engineer, 1954, Oct. 15, Vol. 198, No. 
5151, page 532. (Yor short characteristic and photo see appendix II, page 1,68. 
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In general-purpose devices it is impossible in principle to limit composition 
of computing elements since beforehand it is unknown what problems will be posed 
for solution. 


Until now in world practice during construction of general-purpose analog 


Ee ee 


computers they either went the way of limitation of the order of differential 
equations, solved by the computer (so-called stand installation): IPT-4, EDA 

(I. 35. Bruk, N. N. Lenov [1}), MPT~9, MN-2, MN-7, EMU-1, EMU-2, EMU-3, EMU-5#, or 
*he way of fulfillment of the computer in the form of separate identical units, 
assembled in needed quantities and types each time before beginning work (computers 
IPT-5, MPT-11, installation computer of the Philbrick firm)*. In first case most 
installation are limited to solution of linear differential equations up to the 

6th order inclusively (IPT-4, EMU-3, OME-I2, installation of Short firm REAC, 
MN-2). For solution of nonlinear problems to them there was added or in their com- 


position there was provided a definite quantity and assortment of nonlinear blocks. 

Solution of problems, beyond the capabilities of one installation, was carried 
out by means of connection of several monotypic one (see, for example, MPT-9, MN-7, 
EMU-5, EMU-6, OME-L2). 

During designing of such installations rational selection ».f rslationship 
between number of linear and ncnilinear computing elements presents great difficulties: 
and has not yet found positive solution. Apparently, solution of this question 
can be found in designing simulators of block type. However in distinction from 
existing anélogs of block type (IPT-5, MPT-11, the Philbrick firm) dimension of 
block should be increased so that with its help it was possible to reproduce 
equation of motion of system with one degree of freedom. Furthermore, separate 


eee ee ee ee 


blocks do not have to be connected by common power supplies and a common setting 
field, as takes place in the installations mentioned above. 
It is useful to equip linear computing elements with nonlinear feedback circuits 


to execute nonlinear operations. Such construction of installation will allow us 
with the least number of standard sisesa of blocks to satisfy various requirements, 


*Short technical characterisation and general appearance of enumerated install- 
ations are brought in Appendix II. 


<5 eam ant arent nei aoe sd ae, ~ 


not fixing rigidly the gerereal composition of computing elements cf model. Further- 
more, every separate block can also have idependent application (solution of 
differential equations of the secon! order, pickup of sinusoice: axciiiations, 
instrument for measurement of resistance, etc.). 

Electronic analog EMU-8 (see Appendix II) can serve as an illustretion of a 
first attempt at constructive embodiment of these ideas. Use in this installation 
of operational amplifiers, not requiring stabilized feed, and semiconductor 
elements (germanium diodes and thyrite resistorsy) in many respects promoted 
successful solution of the problems posed. 

Linear and nonlinear computing elements considered in .receding chapters 
constitute the basis of both general-purpose and specialised installations. To 
these computing elements, executing operations of summation, integretion, differeri- 
jation, multiplication, division, reproduction of given functional dependences, there 
usually are added devices for reproduction of typical nonlinear characteristics of 
CAP (Automatic Control Systems), for introduction of constant delay, factors 
variable in time, random disturbances, and also converting devices for connection 
with tested equipment. 

All these additional devices are considered below during analysis of simulation 
of separate types of CAP. 

In certain simulators (see T. N. Sokolov [1], L. ¥. Polonskaya [1], NW. Klemka 
(1), J. T. Carleton (1], I. Obredovich {1]) designated for study of CAP, at present 
along with operational amplifiers they still provide passive electric circuits for 
reproduction of transfer functions of separate dynamic sections of the systen 
(inertial link, link of the secomd order, etc.). If 8-10 years ago such a solution 
could be justified by abeence of well-developed operational amplifiers, then at 
present it can be considered economically rational only for narrowly specialised 


devices. 
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By method of arrangement of separate linear computing elements in the instal- 
lation we distinguish matrix and structural models. In matrix models separate 
computing elements are united beforehand in groupe, each of which is intended for 
solution of a first-order differential equation (see, for example, Ell-6, ELI-li, 
IPT-i, OME-L2), 

Set-up here consists in setting coefficients for the variables, introduction of 
Signals corresponding to right side, and interconnection of such separate groups. 

Structural models differ by the fact that in them all computing blocks are free 
and are coupled by the operator in an order, determined by the system of differential 
equations to be solved coupling of computing elements can be carried out on an 
operating field, formed by face panels of operational amplifiers (see, for example, 
computers EMU-3, of the Boeing firm, IPT-5, EDA) by flexible cords with plugs or 
by a special setting-up field, where leads from all inputs and outputs of operational 
amplifiers, their integrating points, units of input impedances, potentiometers, 
noniinear computing elements and other additional equipment, added to the computer 
are assembled (see EMU-4, EMU-5 MPT-11, MN-7, REAC-400). Matrix models facilitate 
operation of computer, since they require a minimum number of switching operations 
during set-up of a problem. However as compared with structural models they 
require approximately twice as many operational amplifiers (see for more detail 
Ch. X). Furthermore, during solution of nonlinear probleus we can not sustain 
completely the matrix principle of connection of blocks (see, for example, ELI-6 
whose linear part is assembled by matrix principle, but the nonlinear part--by 
structural principle). In connection with this most simulators are constructed 
at present by the structurel principie. 

Connection of separate ccaputing elements by flexible wires with plusgs has 
the advantage that connecting wires between separate computing blocks, and especially 
important, between their integrating points and input impedances cin be made very 


short. During set-up of the problem on separate setting field these connecting 
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wires, other conditions being equal, are significantly longer, which leads to 
increase of spurious capacitance between the integrating and common point of the 
amplifiers and impairment of their frequency responses. However, during solution 

of complicated problews the large number of wires, ermeshing the front panel of 

the simulator, leads to loss of graphicness and to subjective errors of the operator. 
Presence of a plug-in setting field (see computors of the Reeves firm, SEA firm, 
MN-14, and EMU-10) allows us to conduct preparation of problem beforehand and 

thereby considerably to reduce solution time. 

Simulators are also divided into devices working in natural and unnatural time 
scales. In computers of first type processes are reproduced with the speed, which is 
determined by the initial differential equations given for solution. In computers 
of second type processes are reproduced at an accelerated rate. 

During solution at an accelerated rate we often introduce artificial iteration 
of processes which allows us to observe the solution on cathode oscillograph and 
to build operational amplifiers in the form of a-c amplifiers (analogs ELI-l., 
ELI-12, Philbrick firm, and others), and also to adapt electronic analogs for 
solution of two-point boundary value problems in complete derivatives, certain 
variational problems, integral equations, etc. 

Artificial iteration of solution is used in d-c electronic models for visual 
observation cf the solution on electronics oecillograph, furnished with an electron- 
beam tube with a screen possessing afterglow. Frequency of iteration is estab..ished 
here fram 0.5 to 8 c. Such computers can work both with a naturel and unnaturel 
time scale; here there do not appear excessive requirements as to width of the 


passband of separate computing slements. 


2. Methods cf a Pe ree and Trangajssion 


Before beginning solution of a problem on a computer it is necessary for 


every dupendent variable (coordinate) to establish initial values. This is possible 
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to carry out in principie two ways: charging the integrating capacitor and by 
connection to each integrating amplifier of an additional adder, to one of whose 
inputs there is fed constant voltage, corresponding to the constant of integration. 
In Fig. 152a is the most wide-spread 
circuit of setting of initial conditions 
(computers IPT-4, IPT-5, MPT-9, REAC, EMU-1, 
EMJ-2, EMU-3, EMU-4). Here each integrating 
unit before beginning work is shifts into 
the mode of a delay component. Here its 
output voltage will change in accordance 


with expression 





tee = — Re (9.2) 
In steady-state regime 
Fig. 152. Circuits of setting tran = — Ae, (9.2) 
initial conditions. " 
KEY: (a) Input; (b) Control Thus, integrating capacitor before 
relay; (c) Output; (d) Initial 
conditions relay. beginning work of the computer is forcibly 


charged to the requirec voltage. 

The circuit does not requre limitation in duration of preoperetional periad, 
since in this interval of time the integrating capacitor is forcibly charged from 
a source of voltage of initial conditions. The main defieiency of the circuit is 
the fact that voltage, equivalent to initial conditions, is not established at 
output cf amplifier at once, and therefore accurate adjustment is hampered and is 
linked with exccesive waste of time. Acceleration of the setting-up process for 


initial conditions can be achieved in this circuit by coupling an additional 


ee eS 


capacitor Cy in parallel to resistor R),, (see dotted line on Fig. 152a). 


Here 
eee (9.3) 
— (a, -2P + ty oa 
fot Me Racy Wy } 
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If one were to select parameters in such a manner that R)q C;, = Rog C, then 
Cous = — e te 
and output voltage of amplifier will be set practically instantly. 

Inaccurate observance of equality of time constants of both RC-chains leads in 
the case, when A&C, < R,C, to delay in achievement of steady-state at output 
voltage, while when &,,C,>R,C it leads to a jump of voltage at integrator 
output, exceeding steady-state voltage of initial conditions. The latter at 

f.ycr, near 100 v, may cause output of the biock beyond the limits of linearity. 

In the circuit in Fig. 152b# acceleration of process of setting the voltage of 
initial conditions is attained by switching the integrating capacitor to the outout 
of the computing block, which in the period of setting of voltage of initial 
conditions i- converted into the regime of a scale block. Since output resistance 
of the operational amplifier is low, the capacitor is charged practically instantly 
to the required voltage. 

tm (0) = — 0, 3 (9.4) ~ 
In transition to operating regime the capacitor is switched to the feedback 
circuit, and resistors R) yand Ro, are disconnected from the integreting point. ee 
Resistor Ry serves to preserve negative feedback of the block during trensition 
of the armature of the relay of initial conditions PH} from contact to contact. 
It is selected from 100 kilohms to 1 megoha. 

In simlatore with iteration of processes at a frequency above 10 c (computers 
ELI-14 and ELI-12 see L. I. Guternmakher [2]) there is applied the circuit for setting 
initial conditions sham in Fig. 152 c. Due to low internal resistance of the 
source of e,, capacitors Ce and C are charged practically instantly: 


(9.5) 
Cone (0) = oe Ste. 


*applied in EMU-5 of Academy of Sciences of USSR. 


Due to the fact that voltage at C,, equals voltage @,, current does not flow in this 
circuit, and the source of e, is disconnected from integrating amplifier. Resis-~ 
tances Ry serve to limit current during ciacharge of capacitors C, and C in the 
half-pericd of preparation of tha circuit for solution of & problem. 

A cireuit, illustrating setting of initial conditions by adders, connected to 
output of integrating block, is shown in ‘ig. 153. Such method of setting initial 
conditions has the advantage that it does not require commtation of the circuit at 
the integrating point of the operational amplifier, it lowers requirement of 
high speed operation of ccrtrol relay and allows us to open blact a preparation 
for soiution of a problem by short-cireuiting integratin, cApaci.ors by contacts 
of PY-| . Resistor R, serves to limit current through convects of the relay at 
the moment of short-circuiting of the capacitor. Main deficiency of this means of 
setting initial conditions is the necessity of cainecting tne adder with every 
integrator.* (Qften as such an aader there car be used a unit in set-up circuit. 


However in general the number of operat‘onal esplifiers required here increases. 





Fig. 153. Circuit of setting of voltage of initial 
conditions at output of intagreting amplifier. 
KEY: (a) Input; (b) Control relay; (<) Output. 
Setting of transmission factors ie carried out in most cases on linear computing — 


elesents. MWonlinear blocks usually are supplied with a fixed transmission factor, 





*Besidee this one should roneider that applicai‘on of this circuit requires 
having of scale of voltages o: eetting tc aliminate poesible cutput of anplifiers 
beyond the limite of linea ity. 


agree CURT eaten amn ccrrmnen rt 


determined from the condition of obtaining at output a total voltage of the 
model scale (100 v) when supplying input with voltages of the argument, 100 v. 

To solve differential equations it is necessary to provide possibility of 
change of transmission factors of every linear computing element in wide limits 
(from 100 and to 0.001). Setting of transmission factors greater <han one usually 
ie carried out continuously by change of ree\stance, connected to the input, and 
in steps by feeding the feedback circuit fran a divider, connected to the amplifier 
out put. 

Setting of transmission factors less than one is carried out continuously 
by connection of voltage divider to output and in steps by transition do another 
sagnitude of resistance of feeiback. In case of work in integrator regime step- 
by-atep change of transmission factor is carried out in the direction of decrease 
by pareailel connection of an additional capacitor amd in the direction of increase 
by transition to capacitors cf lower capacitances, connected to the block from 
without, Gaooth change of transmission factors greater than one is achieved by 
change of the resistance, connected to input, and smaller then one--by a divider 
at the output, In Fig, 154 is brought a circuit, in which are provided ths above- 


mentioned methuis of sctting tranamission faciur of an operational amplifier. 


ae 
> _—g Mees (bd) 
Lal “eer (y) 


Fig. 154. Methods of setting transmission 
factor. 
KEY: (a) Input; (b) Output. 





a, 
(a) Too 


In certain simulators the rtenticneter, connected to the output of the block, 
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is executed in the form of « ten-turn wire potentiameter, (for example, in EMU-i0, 
PACE, REAC ard others) or a three-decade civider according to the diagram in Fig. 
1£5 (fcr example, IPT-4, IPT-5, MPT-9, etc.). Voltage dividers “-l amd ~-! have 
eleven sections of equal resistances each, ard divider .|-3 has 1C sections. If 
resistance of sectici~ of seperate dividers are selected in such 4 manner that 
relationship rz = O.2r5 and ro = O.2r) were fulfilled, then in the given diagram 
connections of dividers of resistance between curgors a ard b, and also c and d will 


be constant and accordingly equal to r and ro. 


Indeed, 
pace oft Ory 
ed 3, + tor, ° 
whence when r3 = 0.7rg we obtain Hog = F9} 
me he 
Sb 3, + ltr, * 
whence when r. = 0.2r) we obtain tp = 1). 


Therefore independently of position of cursors ab and cd to divider "-2 


¢, 


there will always be fed voltage Usb = ig , and to divider 1-3 --voltage 
Pax 
Ved = too” 





Fig. 155. Circuit of three-decade divider. 
Total voltage at output of circuit will de 
Cows - UL + Unt Uy = FE mt Ti mat as ay = 


a (9.6) 
= 10 (a, + 0,la,+ 0.01), 
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where nj), No, nz are the numbers of lead-outs of a section of the dividers, 


Thus, with the help of euch a divider it is possible to set coeffient 


al 
with accuracy up to the third significant digit. Usually resistors of sections ry: 


rg and rz are made wire resistor. 


Setting transmissions factors greater than one is realized by change of input 


impedance. This resistance in certain analogs (EMU-3, EMU-4) is executed in the 





ty 


Fig. 156. Circuit of two-decade additional 
\ resistor. 
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Fig. 157. Plug-in resistance box. a-- 
General view; b--circuit. 
form of a two-decade box with smooth setting of the third significent.figure by 


a series connected resistor (Fig. 156). Here there is necessary for each box tu 


have two switchs of 10 positions each, 
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Accuracy of setting «f tranamisgion factor with the help of smocth change of the 
third step of a 10 kilohm resistance will vary depending upon the magnitude of the 


series-connected resistance. 





Fig. 158. Bridge circuit for measurement 
of resistances. 7 ~-~potentiometer; 
34 ~-standard divisor. 
KEY: (a) Resistance box; (b) Standard 
resistance box. 
In connection with this of interest is the method of change of input impedance, 

used in electronic analog EMU-5. Here input impedances are made in the form of 
separate plug-in blocks (Fig. 157). The blocks are made in three modifications, 


covering total range of change of transmission factor (from 1 to 10). Inside 


each block are mounted three constant resistances and one potentiometer for accurate | 


adjustment of the coefficient. First meaiification ensures smooth adjustment in 
range from 1.14 megohm to 270 kilohm, the second--from 320 kilohm to 150 kilohm 
and the third--from 184 kilohm to 91 kilohm. In Fig. 157b are diagrams for 
connection of resistances in each modification. Switching of resistances in each 


block is carried out by setting the installation block in one of three positions, 


provided by an octal tube plug. 


pa ptm inee aemremmis e ee 


£ 


nae gine See Tape eget 


Application of resistors calibrated with great accuracy for setting of ccef- 
ficiente usually leads to sharp appreciation of the installation cost. Transmission 
factors of blocks can be fixed with accuracy up to 0.1% with application of 
ordinary carbon resistors of typs BC, potentiometers with tolerance of +10% and 
use of a bridge circuit for measurement of resistances (Fig. 158). Input 
impedance A,. , subject to setting, resistor R,.. in feedback circuit, ard 
two standard resistances: ,, --unregulated and R,,. (standard three-decade 
wire resistance box 2!{C) form the bridge. To points A and B of this bridge is 
connected a zero-indicator. Zero-indicator is an a-c amplifier with contact 
modulator at the input and an output tube of type 6E5 ("magic eye”). Ouring 
appearance of alternating voltage on grid of this tube the dimension of the shady 
sector decreases. Therefore, when bridge is in equilibrium, the whole shady 
sector is cleared. 

When setting transmission factor of potentiometers, connected to output of 
cperational amplifier, bridge will be formed by standard divider, whose diagram is 
shown in Fig. 155, and the most tested potentiometer /IT (Fig. 158b). 

Amplification factor of amplifier of zero-indicator is selected equal to 10 to 
15 considering that it is possible .eliably to distinguish one step of the third 


decade of the 32.C and 37. 


3. Individual and Group Setting of Zero Level of rational 
“Amplifiers, Methods of Combatting Leak and ethods 
of Indicating Overloading. 


At the output of operational amplifier in the absence of input signal there 
can be a certain voltage. This voltage usually consists of a constant (or, more 
correct, slowly variable) component and higher harmonics. It appears as a result 
of inaccurate setting of voltages of power supplies, presence of grid current and 
change of emission of first cascade, leaks at integrating point from side of power 


supplies, etc (see for more detail Ch. II1). In connection with this before 
beginning to solve a problem there always is carried out a check of zero level. 

During use of operational amplifiers with a triode circuit of compensation for 
drift (see Ch, IV, page 102) setting of zero level is executed, as 4 rule, before 
each computation by a potentiometer, switched into the coupling network between 
the first and second cascades. With application of amplifiers with automatic 
stabilization of sero level the need for frequent check of sero level is gone. Here 
in the process of initial adjustment of the operational amplifier by a potentiometer 
of the interstage coupling they select an operating regime four the least amplitude 
of higher output harmonics, and displacement of zero under the influence of grid 
currents is eliminated by introduction of a certain additional emf at the input 
of the operational amplifier. 

When the simuator consists of a large number of operational amplifiers with 
triode compensation (MN-2, EDA, etc.), for the purpose of facilitating the operation | 
operation of setting of zero can be automated. Here all amplifiers of the computer 
are broken dom into separate groups, and setting of zero of the amplifier of each 
group is produced in turn. , 

The system of group setting of sero is executed in two modifications: electro- | 
mechanical and electronic. in both cases setting of sero is carried out by measure- : 
ment and amplification of the signal of error e, at integrating point ¥. 

In electromechanical variant (Fig. 159) enM-ZM amplifier (eee Ch. IV, page 116), 


with polarized relay 2, connected to output, is periodically connected by stepping 
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switch 3 to integrating point of amplifier. If voltage ¢, exceeds 2—3 millivolts 
output rela; ~vorks and one half of electromagnetic clutci:i 4 is switched on, | 
moving the cursor of potentiameter of sero setting 5. 

Such a system ensures control of sero of amplifier not only before beginniig 
work, but alao during operation. According to the data of I. M. Vittenberg (1) 


with a periodicity of adjustment cf 20-30 minute error due to inaccuracy of setting 








Fig. 159. Electromechanical variant of device 

for group correction of zero level of operational 
amplifiers. l--main d-c amplifier; 2--control 
relay of clutch; 3--stepping switch; 4--electro- 
magnetic clutch. 

KEY: (a) To integrating points .f other amplifiers. 


of sero level does not exceed 2-3 millivolts. In electronic variant of the device 
(N. N. Lenov [1]), brought in Fig. 160, amplifier M-M periodically is comiected 


to integrating point of amplifier and charges capacitor, connected to grid of right 


half of first tube. 5, 
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Fig. 160. Electronic variant cf device for 
group re aa of sero. 
KEY: (a) Main amplifier; (b) Stepping ewitch; 

(c) Screen; (d) M-Z Mamplifier. 
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vince in the absence of correction the amplifier in this circuit remains without 
triode compensation, then it is necessary to switch on a device of pericdic 
correction continuously and increase the frequency of contro] to 1 time euch 1O-14 
i . . ee te shed 
: Sec. Error in setting of zero in such 2 circuit is not less than 2-3 millivolt 


(on grid of first tube). 





Resides setting zerce level, the described systems somewhat lower instability 
of zero level, mainly for an operational amplifiers, working in regimes of scale 
blocks and integrators. During work of amplifier in integrator regime these 
systems cannot in accuracy <f stabilization of zero level complete with operational 
amplifiers equipped in individually with a system of automatis stivilization. 

kxperience shows that application of systems of group setting of zeries in 
both variants in magnitude of zero drift doec not give results better than in 
smplifiera with triode compensation, however it provides a camplete process auto- 
mation of setting zerc. 

accuracy of work of integrating operational amplifiers depends both or the 
aegree of stabilizatior cf zero level and also ci: spontaneous discharge ci 
integrating capacitor due to leaks through the dielectric and external irsuidtion. 
In ‘ig. 16la are shown possible leaks in the circuit of an operational amplifier 
on tre example of the amplifier of analog EMU-5. Besides these leaks, change cf 


charge cf integrating capacitor can be caused also by leaks between curverit- 


carrying wires of power supplies and the integrating point of the amplifier. 
a) c op. 


nen 
* 
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Fig. 161. Fxternal leaks of integrating capacitor 
and their removal, ac --resistance box; » -- 


Schnee mie, me + 


ort elay, “" --relay of initial conditions. 
KEY: ay Input. ; (b) Out put. 
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Application of improved insolation between the indicated parts of the circuit 
has significantly less effect than introduction of so-called "ground insulation" 
(V. V. Gurow [1]). In Fig. 161d is brought a diagram of an operational amplifier, 
in which all elements, coupled with the integrating point and outmt, are 
separated from each other by metallic grounded parts. Here all connections to the 
intograting point should be by shielded wire with reliable grounding of the 
shield. The lead to the integrating point should be conducted not through a common 
plug, but to a separate jack, fixed in the metallic chassis. The metallic housing 
of the integrating capacitor should be reliably grounded. 

Contacts of relays of discharge of integrating capacitor must not be on the 
general insulating plate. In order to use here ordinary telej;>one relays, it is 
expedient to connect contacts by the diagram brought in Fig. 162. Contacts a amd 
b are connected correspondingly to the integrating point and the output of the 


operational amplifie.. (a) (b) 


Wz 


Ye 





Fig. 162. Diagram of connecting of coritacts 
of relays with "ground insulation." 


Enumerated measures lead to replacement of leaks between integrating point 
anc output of operational amplifier through surface of insulation by leaks R,, 
between integrating point ani the ground and leaks R,, between output and the 
ground (Fig. 163). Increase of leaks between integrating point and the ground 
has not so essential an influence on error of work of the unit. Additionally 
appearing here, spurious capacitance between integrating poin’. and the ground 
leads to certain reduction of passband of amplifier. 

Effectiveness of described method "grourd insulation" can be illustrated by 
example of solution of a differential equation of type 

Biey—o 
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(9.7) 


amine 





Mai 


when 9(0) =A and 7(0)= 0. 

In Fig. l64a is brought oscillogram cf 
solution of this equation, when a - 0.314, 
by ordinary operational amplifiers, and 


in Fig. l64b, when a = 0.903, by amplifiers 





(electronic analog FMU-5), for which therc 


Fig. 163. Equivalent 


diagram of operational is ‘ground insulation." As foliows from 
amplifier, with "ground 

insulation." «c --resis- these figures, lowering of amplitude after 
tance box. 


30 min in first case constituted nearly 
4.5%, while in the second it practically is inconspicuous. Lowering of amplitude 
of oscillation by 2% is observed in second case only after 120 min. 

These data indicate possibility of use of such ~perational amplifiers for 
simulation of slowly proceeding processes of automatic control. 

In simulators there are two accepted methods of signalling departure of opera- 
tional amplifier beyond the limits of linearity. Usually for this on cutput of 
operational amplifier is connected a neon signal bulb, which burns upon achieve- 
ment of a voltage on amplifier output of +100v. Often simultaneously there is ccn- 
nected a relay for supplying an audible signal and the command to cease computation. 

When operational amplifiers are made with a system of automatic stabilization 
of zero level, it is possible for indication of overloading to use signal of error 
e § , amplified by anN-,.\{ amplifier. 

As is knam, 

me TERE R (9.8) 

with departure of amplifier beyond limits of linearity, K,-+0. end ¢,-+¢,, x 

X afte and will grow with increase of input signal. 


in literature signs of this method of indication of overloading is met for the 
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first time in the book of G. Korn and T. Korn [1] during description of operationa: 
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(a) Minutes; (b) Sec. 


Fig. 164. Oecillogram of solution on analog of 


second order equation. 


KEY: 


amt iifier of simulator of the Rand firm. 

In Fig. 165 i8 brought diagram of indication of overloading based on measure- 
ment of amplified signal e g and applied ja electronic analogs FMU-5 and FMU-é 
(Academy of Sciences of USSR). 

Voltage of error e § in this circuit after amplification by '!-" amplifier 
moves from demodulating contact of vibrator &/7 to ore of the electrodes of neon 
tube #.7.. The secomd electrode is connected to a common terminal, to which ere 
connected neon tubes of other operational amplifiers. The common terminal is 
connected to the ground through resistor Rj. With ignition of neon tube on resistor 
Ry there will be formed alternating voltage, which is amplified by tube 7, , 
rectified by diode .7; and after smoothing by filter Rp C4 moves to the control 
grids of tube .7, . Relay P, , connected in plate circuit of tube 7; , here 
is triggered and closes contacts, LP) and 2P). Contacts of the relay give signals 


to cease work. The system is tuned in such a manner that the relay works with a 


voltage at ths integrating point, exceeding 2 millivolts. 


a 








) 


Fig. 165. Circuit for indication of overloading. 

yor --d-c amplifier, V-7\V--amplifier with 
modulation and demodulation, #2 --neon tube, i -- 
vi orapack. 
KEY: (a) Stop (reset); (b) Stop. 


308" 


such 2@ method of signalling departure from the limits of linearity has the 
advantage that it allows one to use in the absencs of load on output of operational 
amplifier the full range of linear change of output voltage, considerably exceeding 
usually +10U v. Furthermore, it indicates malfunction in the circuit “en cutput 
voltage remains within limits of model scale +100 v, but real limits of linearity 
are narrowed, for example, by too many potentiometers, connected in parallel to 


the output. 


4. Main Functions and Principles of Construction of 
Control System of Simulators. 


To control system of simulator usually are entrusted fulfillment of following 
operations: switching on process of solution ("Start"), ceasing process of 
sclution ("Stop") and return to initial position before switching on process of 
solution ("Stop").* 

Ceasing solution is necessary to carry out measurements of values of separate 
coordinates at corresponding moments of solution, and also during overloading or 
fault of computing elements. Furthermore, the control system should ensure 
necessary switching operations when setting initial conditions, transmission factors 
of separate computing units and supply of disturbances. 

fer possiviiity of visual observation of solution on screen of cathode-ray 
oscillograph with tube, possessing afterglow, system of control should ensure 
division of process into periods with period of 2 to 30 sec. It is very desirable 
here to carry out supplying of time marks and in turn connect to plates of 
electron-beam tube one of the two input quantities for their simultaneous observation 
on the screen. 

Together with this in the installation there is often provided automatic ceasing 


of the process of solution ana switching on cr disconnecting input signal at a 


*Editor Note. Author apparently means "reset" for second version of "Stop." 
We will put (reset) after this varient. 
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mument of time given beforehant, 
The control system should be simple, reliable amd cunvenient in cperation. 


The less the switching contact equipment in the circuit, tne greater its reliatiiity. 


by) 





Fig. 166. Control circuit of electronic model, type 
on Repeat; (b) Once; (c) Cycles; (u) Indicator 
unit; (e) Time mark; (f) Input; (g) Integrator; (h) 
Output. * 
As example let us consider control circuit of electronic analogs IPT-5 anc 
FMU-5. In Fig. 166a is brought the fundamental control circuit of simulator, IPT-5,#+ 
In addition of functions, mentioned above, in this circuit there is provided control 
of stepping switches of variatie coefficients. In connection with the fact that 
power of contacts of the interrupter is insufficient for commutation of circuit of 
coils of stepping relays, in the circuit is provided control by contacts of 
multiple-throw switch K. Circuit of coil of multiple-throw switch K is interrupted 
by contacts of interrupter. To installation are added plug-in interrupters with 
pulse frequency 2/3, 1, 4/3, 2, 4 amd ld c. - 
With 100 steps of stepping selector this gives a time of duration of working 
cycle of 120 sec, 100 sec, 75 sec, 50 sec, 25 sec and 10.0 sec. 


*Kditor Note: this is basically illegible diagram 


##See description and operation instruction of electronic linear analog of type 
IPT-5, 1954. 
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Meginzisg of process o1 sclution i: this circuit is connected with beginning 2f 
first pause betweer pulses, issued by interrupter. This is achieved because tne 


contro] relays ir blocks of cperationn. ampiifiers are connected only after relays 


P interlock P, and thereby feeds the coils cf relay P, and relays P| thr wgh 
~ - yY : 
normally closed contact 1P,. 


Here relay P3 interlocks by contact 2P3 and feeds of relays P, in computing 


y 
units for the duration of the whole time of solution. 

To obtain time mark there is provided a circuit, consisting of series linked 
normally closei contact 2P) and normally open contact 1P,, shunted normally by 
closed contact 3P3. At the beginning of each pause (starting with the second) 
between pulses of interrupter at a moment, when relay P, has already released its 
reed and, relay P, still holds, the indicated circuit is closed a short time. This 
is used for evrnriving time marks. 

Duratior of supplying time mark is determined by response time of relay Pie 
In the circuit there is provided a pulse counter of type SI-l, by which it is 
possible to count these pulses. 

Key /], has two positions: work with constant and work with variable coef- 
ficients. In first position key /1, disconnects coil of contactor K. In second 
position pulses of interrupter through contacts 1Pp und 2PQ proceed to winding of 
contactor K, the lattor by its contact 1K gives pulse to coils of all selectors 
of blocks of variable coefficients of analog. 

Control by work of blocks of variable coefficients is realized by stepping 
selector if, , giving on the 49-th step the signal of switching of output 
circuits of blocks of variable coefficients from one field of lamellae of the 
selector to the other. 

Cn the 90th step of the selector //, there moves a signal to relay Py ; 
by which is prepared a circuit for operation of relay P at the sero position of 


k 


brush of selector j/, . 


Operation Pe ensures return of installation to initial position. 
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In Fig. 166b is brought the timing circuit of the main switching elements of 


the circuit, 

If it is required without interruption in work to iterate the solution, then for 
this toggle switch fl, must be placed in the "repeat" position. Here on the |'..:: 
step of selector if, excitation moves to windings of relay P, » fixed in blocks 
of operational amplifiers. Relay P, , disconnecting by means of contact //, 
the circuit of relays Pys which disconnect inputs of amplifiers and discharge, 
through a resistance of 1 kilohm, the integrating capacitors. On the lOlst step 
of selector #f, relay P, is disconnected and to the operational amplifier 
there moves the voltage of initial conditions. With the help of contact 3P, 
relay Pe remains switched on and the whole circuit continues the following cperating 
cycle. : 

The circuit allows us to stop solution am to fix the value of desired 
variables. For this we press button "Stop"--Ky, which excites relay Pe through 
contact at « Relay Ps interlocks through contact at and excites through 
contact 1Ps relay 5 in computing blocks which breaks the input circuit of integra- 
ting amplifiers. Simultaneously with this by opening contact 3Ps we disconnect 
contactor K which causes a halt of all stepping selectors of blocks of variable 
coefficients. Continuation of solution is carried out by pressing the push button 
AQl. 

The control circuit of electronic analog computer EMU-5*# is divided into two 
parts. One part, mounted directly in linear part of computer, ensures "Start" ‘ 
"Stop" and return of installation to initial position "Stop" (reset) and also ; : 
switching operations during supplying of disturbances, setting of initial conditions ) 
and protection from overloading. Fundamental circuit of this part of the control | ° 
system is shom in Fig. 167a. 

In Fig. 167b is brought the circuit of an auxiliary control unit, intended for 


<email GN 


*See V. A. Trapeznikov, B. Ya. Kogan, V. V. Gurov, A. A. Maslov, [1]. 
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realization of repetitive operation, astomatic ceasing of soiution, suppiying of 
time marks on screen of eiectron-beam tube, switching on and switching off of 
input Signal at a predetermined moment of time. for bringing the circuit to a 
working state toggle switch of network 7, 1s set at the "Ori" position, Here 
there starts to revolve synchronous electric motor Cd , which is coupled witn 
three contacts of interrupter. These contacts produce pulses of direct current 
with frequency 1, 2, 5 c, which can be used for switching of stepping selector 
wit . Frequency of pulses is selected by switch /7 

Upon pushing the “Sta.t" button K3/] relay P3/l works, which locks itself by 
its own contact /P3/). Here the signal tube lights up and contact 2P3/7 closes. 

The first pulse coming from contacts of interrupter of synchronous electric 
motor C.7 , switches on the circuit of winding of relay pj. Contact 1:...is 
closed, which pr duces the operation "Start" of analog EMU-5. Simultaneously 
stepping selector switch makes the first step. During rotation of electric motor 

C.1 relay Pi} works with the frequency of the interrupter (1, 2 or 5 c) and 
stepping selector starts to count the number of pulses, coming from interrupter 
of electric motor C.1. In the circuit there is applied a stepping selector with 
a& maximum of steps, equal to 50, 

To perform the operation "Stop" at a predetermined secomi to the "Stop" terminal 
they connect by a flexible cord with corresponding lead-out from lamellae of the 
s.epping selector. 

With connection of the brush of the selector with a lanella, to which is 
connected the cord "Stop” relay PO works and by contact 1/0 breaks the 
circuit of blucking of relay P3/l . Contact 2P0 pru..ces in the analog EMU-5 the 
operation “Stop.” With disconnection of relay P3/) contact 2P3NM will be openei, 
the winding of relay ps7 is disconnected from the interrupter of the motor ..,and 
the stepping selector stops. 


Period of iteration of the process is set by switch «: and connection of cord 
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“stop” with the corresronding lamella of the stepping selector. Uuring switching 


on of toggle switch of division intu periods T, relay P/i/} works and by contact 
3PM produces the operation "Start," contact /P/Ifl closed, contact group 2/4sf; is 


switched and stepping selector begins to switch. 


eft 
Fe 
Sere 














Fig. 167. Fundamental control circuit of 
electronic analog of type EMU-5. 


Contact of the zero position of the selector ff, closes, and contact H,, 
opens, 

With connection of the brush of the selector to the lamella, united by the 
flexible lead with socket "Stop", relay PO is triggered. Contact 270 closes and 
switches on relay PC ; simultaneously to analog EMU-5 moves the signal "Stop" 
(for discharge of capacitors of integrators and setting of initial conditions). 


Relay Pc interlocks by its contact /PC, 


fee ene ee 








Contact 3PC closes and through the normally closed head contact uf nelector 
FKH switches on the winding of stepping selector «yj; ; here the brush of the 
selector automatically is set to zero position. With return of brushes to zero 
position contact H, will open and relay PC. is disconnected, which will open 
contact 3 PC . Furthermore, contact #/,, through contact /P/7 produces the 
operation "Start" of the model. The stepping selector again starts to switch and 

‘upon connection of the brush of the selector with the lamells, to which is connected 
the cord "Stop," the process is repeated. 

In the additional controlling block there are two relays Pi and P2.. With 
the help of these relays and contact group 2P/ it is possible to execute the 
following operations: : 

1) switching on of input signal at a given moment of time; 

2) disconnecting the input signal at a given moment of time; 

3) switching of couplings in the set-up problem. 

To execute the enumerated operations socket "On" is connected by cord with 
corresponding lamella of the stepping selector. When the brush of the sslector 
is connected with this lamella, relay P/ works and interlocks by contact /P! . 
Contact 2P/ is switched on. For switching off relay py socket "On" is also 
connected with the corresponding lamella cf the selector. 

In the control circuit there is foreseen the possibility of parallel work of 
several simulators of type EMU-5 with control of the solution process “rom any 
, installation. In distinction from installation IPT-5 here there is not anticipated 
work with blocks of variable coefficients, based on stepping selectors (see Ch. XI). 


5.__Ooservation and Recording of Solution. 
Every simulator usually is supplied by means for observation and recording of 


the process of solution. These means are distinguished depending upon the speed 
. of processes, which are to be recorded or examined. With slow processes with 
frequency, not exceeding 1-2 cycles, we can use self-recording instruments with 
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drive of the stylus mechanism from servo systems (instruments of the type of 
recording self-balanced potentiometers, for example, EPP-9), At frequencies up to 
100 eps for recording of the solution there usually are used lovp cacillographs).* 


at higher frequencies they use oscillograpns with electron-beam tubes. 


Spark recorders of type SIs-< (uew lured 


Ben! wrt one in industry), based on the principle of 

( dynamic compensation, work in the same 

; 

range as loop cscillographs, net requiring 
ci here comparatively expensive light sensi- 

a " tive material and time for its processing. 
asi : . 

ee ne However accuracy of recording here is 2-3 


times lower. Heterogeneity of paper leads 
to puncture occurring with a large spread 
of points. 


In Fig. 168 are brought the general 





view and diagram circuit of recording 
device of Goodyear firm (Goodyear Co, USA; 
seg P, R. Vance and D. L, Haas [1]}) with 
drive of the stylus and drum from servo 


esystems. Analogous installations are alse 


Ce 





a Se erase produced by the Reeves firm (G. Korn and 


T. Korn [1)). in case of retation of drum 
Fiz. 168. General view and 


diagram of recording device with constant speed this device works as 

of the Goodyear firm (United 

States), 1--drum, 2--cou- an ordinary recording instrument. Upon 
ducting layer, 3--current- 

collector, 4--amplifier; 5-- feeding the input of the servo system of the 


seats motor, 6--potentiometric drum drive with another dependent variable 
pickup. 


tnere can ba obtained recording of dependence 


*It fs necessary ty i:dicate that with the 
ciple it is also possible to reco~4 
power consumed by locp and reguired 


help of loop oscillographs in prin. 
Processes of higher frequency. Howaver here the 
speed of movement of paper sharply increase, 
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between two coordinates in the process of solution; in particular, there can be 
obtained recording of trajectories of flying objeccs or phase portraits of studied 
dynamic systems. Accuracy of recording here ie 0.2% at a maximum frequency of 
reproduced processes of 2c, The device can also reproduce in the form of voltage 
an earlier registered depanience between two coordinateé and, consequently, work 
as a functional generator. 

They also apply two-coordinate recording tables with drive from two 3ervo 
systems. Thus, for example, recording device put out by the firm "Dobbie Mc. 
Innes Limited" (England; see S. A. Wass {1]) has a table 456 x 764 mm and ensures 
accuracy of 0.25% during recording of very sluw processes, Error during reproduction 
of sinuscidal oscillaticnsa with frequency cf O.< ¢ ard amplitude +228 mm already 
conatitutes 0.5%. With increase of freouency it i: sjecessary to lower accordingly 
permissible amplitude of csciliationa. 

Daring operation of simulators it is caredient along with loop to use also a 
cathode-ray oscillograph. Toe latter serves here mainly for visual observation of 
the process and singling cut from ths ehole set of received solutiums those, which 
wili be recordad. Here there can be used standard cathode-ray oscillographa  f 
type E0-4 or EO-7, for which instead of tube (S037 there is instalied a tube of 
type (CLOCE with long afterglow. Voltage of scanning of the beam is fei to the 
oscillograp: from integrating amplifier of ths analog and by this synchronizes 
beginning of the process with beginning of scanning. The time of scanning changes 
with change of the time constant of the integrator. 

There &re siso constructed specialized cathode-ray indicators of type I-4, 

J-5 and ERU-1. The fret two are equipped with tubes with long afterglow of type 
TT \oeand TC.l°S¢accomtingly. The third type has an electron-beam tube with dark 
record ing. 

In Fig. 169 is brought the diagram of an indicator, made with small differences 


from the diagrawa of indicator 1-4 Scanning of beam here is internal and is 
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Fig. 169, Diagram of indicator I-u. 
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General view and fundamental circuit of ERU-1l. 
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Fig. 170. 
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carried out with the help of a phantastron oscillator circuit. Synchronization is 

carried out froma 5U cps network. There is anticipated possibility of setting 

duration of scanning of beam within 1-10 sec, 5-40 sec, ]U-80 sec, 1U-10U sec, 

50-400 sec and 1% -800 sec. ‘The time mark is given also by oscillator circuit of . 
phantastron type every i, 5, 10 or 25 sec. The time mark acts on cutoff of the 

beam. In indicator is provided also relay P44, , which commutates plates with two 

inputs for obtaining »n screen simultaneously the image of change of two cooruinates. 

Starting ant stopping of scanning is carried out from the panel of the simulator. 
During starting of the analog to the phantastron there moves a starting pulse through 
capacitor c. When stopping the process, scanning is stopped by breaking of contact 

IP, in grid circuit of tube 5. 

In cathode-ray recording device ERU-1 there is used a cathole-ray tube of type 
1Q;P}2-T with recording by a dark line with magnetic deflection and focusing of 
beam. 

Sereen of this tube is covered by a layer of crystals of potassium chloride. 

When the electronic beam strikes the screen on it there will be fom i dark violet- 
blue lines, caused by absorption of light by those crystals of potassium chloride, 
which experienced the electron bombardment, of the beam. 

Contrast of recording decreases in time and depends on illumination and 
temperature of screen. With ordinary temperature and illumination of screen the 
recording can be kept for several days. 

Discoloration of screen--erasing of the recording is carried out by heating 
the screen by an external electric furnace. Therefore to the device is provided 
two sets of electron-beam tubes. While recording is conducted on one tube, the 
other is prepared for work. General view and fundamental circuit of the instrument 
is shown in Fig. 170. Coils, deflecting the beam, are fed through operational d-c 
amplifiers with negative feedback for coil current. This ensures linearity of 


dependence of current of coils on input voltage with accuracy up to U.1%. 
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Sensitivity of circuit for both inputs is not less than 0.8 m/v. For realization 
of scanning in time amplifier Y-l can be used as a generator of scanning, for 
which it is converted into integrator made. In the circuit by relcys Pf, , Pr, ; 

Pil, , and Pil, there is ensured simultaneity of starting of analog and beginning 
of scanning of beam, ceasing of scanning upon stop of process of soiution and 
return to initial position during switching off of simulator. 

Table 6 
. Type of ee 

in a I-4 I-5 ERU~1 


order ‘Main Shapactenieticass 
ea sp Sale of tbe screen [leo x 2, Sides cle A th Ts Ras Ao ee 








= ee ee ae en eee - 
No, i 
1 |Diameter of tube screen |180 X 220) 113C mn 100 nm 
2 | Type of tube 311033 131036 lOLPK2-T 
3 mete on both axes [8 mn/v 17 mn/v 0,8 mm/v 
| at maximum amplifi- 
cation 8 m/v ; m/v ue m/v 
4 Duration of single from 10 from 10 from 1 to 1000 sec in 
scanning to 400 see |to 250 sec three steps from 1 
to 10, from 10 to 
with repetition from 1 from 1 100 and from 100 to 
| to 80 sec to 25 sec 1000 sec 
5 Frequency of internal 1, 5, 10 and jO,1; 1; 10 c/Pulses of time marks | 
time marks 25 ¢ move from without | 
6 |Error of measurement 2% | _ 
7 Feeding from net from net From stabiliser recti- | 





220 v 220 v fier ESV-1M 


4 


Basic data of the above-mentioned cathode-ray indicators are given in Table VI. 
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CHAPTER X 
METHOD OF SETTING AND SOLVING PROBLEMS 


For successful use of simlators of great importance is correct fulfillment of 
a number of operations, connected with preparation of initial system of differential 
eyuations for setting on the installation. These preparatory operations include: 
composition of functional diagram of connection of computing elements in accordance 
with given system of differential equations, calculation cf transmissions factors of 
separate computing elements with respect to coefficients of initial equations, selec- 
tion of scales of representation of dependent variables and time, determination of 
initial conditions and disturbances in those physical quantities, which in the sin- 


ulator are represented by initial variables of the problem, 


i, Composition of Functional Ciagram of Crinection of 
Separate Computing Elements for Solution 
of Given Differential Equations 


Differential equations, subject to soluticn by @ simulator, can be given in the 
form of one equation cf high order, in the form cof a system of differential equaticns 
of different orders, a:.4, finally, in the form of a system of differential equations 
of the first order. In orinciple set-up can be realized by increasing the order of 
the derivative cr lowering the order of the derivative. In thu first case the equa- 
tion is solved for the desired function and separate computing elements are connected 


in such @ way as to carry out sequential differentiation with subsequent summation 
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of separate derivatives. In the second case equations are solved for the derivative 
of highest rank of the desired function. If one were to ussune that the value of 

the derivative of highest rank is known, then to obtain tthe desired function it is 
necessary tc execute consecutively many operations of intepration as the order cf the 
highest ranking derivative, and then sum all components, constituting the biprest. 
ranking derivative, One group of these components is the vesirea function and its 
lower rank derivatives are cbiainea by imposition of feedback from the outnut cf 

the integrators to input of the adder; while the other is obtained by supplying 

fron without (right side of equations, other dependent variables in case «f solution 
of a system differential equations). 

Thus, set-up by lowering the order of derivative requires that the »asis of the 
simulator be integrating computing elements. Here there is attained essential de- 
crease of influence of interferences, created, for example, by the steppea nature 
of potentiometers at input of separate units, the presence of higher harmonics in 
voltage of power supplies, and so forth. Therefore, as a rule, set-up on sinuiators 
is constructed by lowering the order of the derivative. Let us consider several 
practical examples. As the first example let us consider composition of functional 
diagram for a linear differential equation of the sixth order with constant coeffi- 
cients 


as as a's asx @ 
Sie +4 wT to ge tag tesa +0, 4% + gx = y(t). (10.1) 


oclving equation (10.1) for the highest ranking derivative, we will receive 
Ga =~ OST A St 0, GF — 0 Se — 0, ge ¢ dyin, (10.2) 
where 
nas, jest, =e. as. 
ha. hat. yee. 
The functional diagram is show in Fig. 171. [During composition of functional dia- 
grar there was taken into account the property of computing elements, built on d-c 


ampiifiers with negative feedback, to change the sign of the input signal. 
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It is possible to somewhat simplify the functional diagram by combination in 
the first unit of functions of summation and integration and unification in one 
auxiliary adder of the function of change of sign of input signals, which was exe- 
cuted in the above-mentioned circuit by three computing elements (units No. 8, Y 
and 10), In Fig. 172 is brought a diagram of set-up taking into account these re- 


marks, 





Fig. 171. Functional diagram of set-up of com 
puting elements for solution of an inhomogeneous 
linear differential equation of the 6th order 
with constant coefficients. 


e ¢ c e e e 
ra ~ rath yan 1 ? 
& — — —_= ‘cS 
to 41 >, Late a > Ne Ly > 
a 
ett xt re fam [xem 
e@ 
ae ep o, 
-[xrMerPet] ? —? eee 
e 
-s@ eel 
x” 


Fig. 172. Another variant of functional diagrean. 


As @ second example let us consider composition of functional diagrem for sys- 
tem of linearized differential equations, describing processes of course stabili- 
aation of an aircraft by automatic pilot. Not considering banking, with constant 


speed of aircraft wv = const and an automatic pilot with proportional feedback and 


-325- 





| 


response tc 


the first and second derivatives we wiil cbtain 


equation of moments with respect to v axis 

Totes — kb — kB + LO. 

equation of projections vor all ferces on 2 4xis 

TA + B= Tit fin. 

equation cf ruuder drive (10.5) 
73+ b= by. 


eguation cf amplifier and sensors 


TH+ shyt bey t hy— AB. 


In these eyuations there are desirnated: 


i=. 


T, =e, 
Me : 
. —time constants of aircrart; 
ay 
y; — 
z? 


= 

e 

My (ty — AB 
me 


€ 


ho= 


-~increments of disturbing moment and 


Z, (1) —- 7 forces; 


hh)=«.— ? 





a= —P 
; amplification factors cf aircraft; 


time constan’. of acceleration cf rudder actuator, 

time constant of amplifier, 

static transmission factor of rudder drive, 

coefficient, determining rigid'ty of feedoack, 

coefficients, setermining influences with respect to aefiecticn of its 
first and second derivatives, 

course angle increment, 

increment of slip angle, 

increment of angle cf rudder, 


increment of t tal control signal. 


Composition of func ional diagram for system of differential equations assures 


comp sition of a separe # functional diagram for each ejuatinn, and then intercon 


nection cf these diagrims. -326- 
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Fig. 173. Functional diagram of set-up 
of computing elements for investigation 
of processes of course stabilization of 
aircraft by an autc mtic pilot, 


we construct the functional diagram of these squations, as before, preliminar~ 


ily soiving each equation of the system for the highest ranking derivative: 


oe oq a - de My i Ao (10.4) 
wan yet Gf - fe (10.5) 
wor s } ? h (210.6) 
a ’ pg Oe Ak (10.7) 


f a, ? 
ae" OR ty tty a te ae 
The overall functional diagrea is shown in Fig. 173. Dotted lines circle cir- 


cuitea, corresponding to separate equations cr investigated syste. 


When there is given a system of first-order differential equations of the form 
az . : 
a o> Nat) + bf (0. (10.8) 
fet 


for each equation there can be composed en identical functional diagram (Fig. 174). 
This allicws us cnce and for all to connect computing slements in simulator: 


among themselves, and to set-up by setting coefficients ayy and by, as this is shown 
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Fig. 174. Functions] (jagram of set-uy. of 
computin elements ior solution of iinear 
differe: ial equation of first order in 
mirix models. 


in Fig. 175 for solution of a linear differential equation of the third order 


Ps. a d ce 
Qs “Gay 8 ae + 8, a +- a,x, = 7; (¢). (10.9) 
By preliminarily substitution oe on x, and =x equation (10.9) is reduced +o 


° 


& system of three d‘ ‘ivre..tial equations of the first order: 


d 
GemO nt $040. Jin 


dx, 


dx, a, a \ 
Ea a a a ate Al. 
Here: 2), =: 0, y= 1, ay = 4G, 6, = 0, 
6, = 0, ay = 0, a, = 1, 5, = 0, 
_ SE! oy oteght® 
SR gg. SRST ge ae gee eS 


For set-up there is not required composition of a functional diagram; it is 
suf{ cient only to determines values of coefficients ay and b, and set them by cur- 
sors of corresponding dividers. 

The diagram of Fig. 175 is the totality of the three diagrans of Fig. 174, but 
with this distinction, that in each diagram, solving a first order equation, besides 
an adder, ir:egrator and sign-change unit, there is introduced a unit for setting the 
sesle cf variable x; (units No. 2, 6 anc 10 on the diagram of Fig. 175). 


ouch a principle cf set-up is called matrix. Simlators, for which computing 


-328- 


1247 





Fig. 175. Examples of commutation of blocks in 

matrix models. 
vlements are united beforehand in circuits for solution of first order differential 
equatic 3, also are called mtrix. 

Use of matrix principle of set-up ensures an automatically correct sequence of 
coupling separate computing elements, and also indicates the way of transforming 
euuations to a form, with which natural parameters of computing elements do not dis-~ 
turb stability of work of the device as a whole (I. S. Gradshteyn [1]). However 
such & principle of set-up also requires increases of the quantity of computing 
elements in the installation. Indeed, in considered example of solution of a 
third order equation there were required 12 opsrational amplifiers. In general it 
is possible to consider that for solucion of a third order differential equation in 
this way there will be required, at least, 4n operational ampitfiers. Often it may 
be that a significant part of these computing elements either in general, will not 
be used, or may be absent during solution of the formulated problem with another 
method of connecticn of ccmputing elements. Increase of the numbsr of computing 
elements laads to the necessity of increasing the number of pc..er units, and conse- 


quently, dimensicns and ccst of the installation. Resides this, tha matrix method 
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of set-up hampers investigation cn models of systems of automatic control by aqua- 

tions of their dynamic sections which significantiy lewers the graphicness of solu- 

tion of problems of automatic control end hampers research on syntheses of their 

structures. | ¥ 
During compositicn of functional dia- 

grams of connection of computing @iements 

for solution of differential equations with. 

variable coefficients one should provide 

poasibility of connecting to the output 


corresponding units voltage dividers, con- 





trolled from special bunchers (see Ch. XI). 
Fig. 176. Functional diagram of set-up 
of computing elements for solwtion of a Jn Fig. 176: for iliustretion there is 
linear differential equation with vari- 
able coefficients. brougiit a functional diagram for solution 
of equations 
at 
Ga tal tate = sin. (10.10) 
Equations with coefficients variable in time can also be set-up on installat:on 
by nonlinear computing elements, multipliers and functicnal generators. 
In Fig. 177 is brought a functional diagram of set-up of a Mathieu equation 
Sa +te- 2q cos 2x) y == C. 
Since the indevendent variable in electronic models is time, then it is useful 
to introduce in Mathieu's equation replacement of variables by relationship 
z= 3h om desigrates here angular frequency of change of pareneter q. 
After replacement of variables we will receive 
Sh +f ay—F aycoset =0. 
Expression 2 = 5 qcosut can be obtained in the form of solution of the 


corresponding differential equation 


a 
(0) as . 
Si +o m0 when { | a 
& (0) == 0. 
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Fig. 177. Functional diagram of set-up of computing 
elements for solution of a Mathieu equation, 


Therefore for composition of the functional diagram of Fig. 173 we use the 


system of equations: 


amy wo! 
aa +7 oy =2y. (10, 11) 
Site = 0. 


The presented method of presentation of the right side of the set-up equation 
as the solution of a corresponding differential equation, introduced first by Bush 
for a mechanical integrator, turned out to be very fruitful also for electronic 
models. 

“omposition cf functional set-up diagrams of nonlinear differential equations 
does not oresent any essential peculiarities. 

A number of cases with typical nonlinear charecteristics are examined in Chap- 
ter XIII. 
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2. Determination of Transmissions Factors of Jeparate 


Computing Hiements by Coefficients of Initial 
Lquations, Selection of vcales of 


Representation of Dependent 
Variables and Time 


luring determination of transmission factors of separate computing element:s we 
will start from the position that processes of simulators must be aescribea by aif- 
ferential equations the same in form as for the initial problem, and initial vari- 
ables and their physical analogs and models can differ only by scale factors. 
Therefore in principle there can be two methods of determination of transmission 
factors of conputing elements in a circuit. The first consists in replacing in ini- 
tial equations variables by their physical analogs by the corresponding transfcr- 
nation. On the basis of the resulting equations we constitute the functional set- 
set-in diarram. By this diapran we write equations, connectinp variables of tne 
model, and these equations are compared with the transformed initial equations. 
From comparison of equations they determine relationships vetween coefficients f 
initial eouations and scales of transformation of variables on the o.ne hand, ana 
tra’.s-ission fact rs of senarate c-nputing elements .n the ‘ther. 

In the other method in equations, composed by functional set-up diagrar, we 
effect by transformation of variables replacement of physical analogs by initisl 
variables ana compare resulting equations with the initial. Both systems of dirfer- 
ential equations should be identical. From this condition there are cbtained reia- 
tionship between transmission factors and scale factors on the one hand, and coef- 
ficients of the initial system on the other. From this ensues complete equivaler.ce 
of both methods of determination of transmission factors of computing elements ina 
cireuit. 

Roth. methods assume composition of differential equations by flunctiona] set-up 
diagrar.. For each computing element, participating in the set-up dia,rar, one 
should write an equation, connecting output megnitude with the input, renumbering 


rrelirinarily in succession all computing elements and their input and cutpit circuits. 
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Transmission factor of a unit here acquires a number in the index, consisting of 
two or three figures: the first figure (or first two figures) indicates the nunber 
of the unit and the second, the number of the input circuit. 
Thus, for example, in the general case for the i-th operational amplifier, 
working in adder regime with n components, it is possible to write 
U=— Saki, (&=0, 1, 2. ..., a, (10,12) 
where @ --is the coefficient, indicating what part of the output voitage Ur of 
the k-th unit is fed to the j-th input of the given unit from the poteitiometer, 
utilized for setting the coefficient of the smaller unit. 
For a unit, working in integrator—adder regime, 
U,=~ > Yak (a =0, 1, 2,.... a). (10.13) 


Jer 
When using operational amplifier as an adder-differentiator 


s 
Ui=— Pay KU, (4=0, 1, 2. ..., a). (10.14) 

Equations cf computing units, working in scale amplifier regime, and also utilized 
for change of sign or integration, can be obtained from the given equations as a 
particular case, when the nunber of components n = l. 

For nonlinear computing elements there is fixed only an ordinal numter in the 
diagram, and this number is assigned to the corresponding transmission factor. 
Thus, for a multiplier-divider we have: 


U, = B,UU,. 


Ue (10.15 
U,=1, U. ’ 


where 9, is the scale factor of the miltiplier, 1, —the scales factor of the di- 
vider, i—-the ordinal number of the unit in the circuit. 

Usually so that output voltage does not exceed the scale of 100 v, B is 
taken equal to 0.0i with permissible change of U, end U, within + 100 vw. Coeffi- 
cient 7, usually is taken equal to 10 in the interval of change of dividend 


ue + 100 v and divisor Mn from 10 to 100 v. 
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2 For functional generator of one arpunent the equation, connecting cutmt map- 
nitude with the input, will be 
U, =f (U,). (1h) 
ee 


In particular, for units, reproducing piver functions, in analorp “Ml'-5 there is 


taken: 


SME Aig ag oe 


U, = 100sin FU, 
U, = 100cos 106 U,. 
U, =0.01U}. 

U,= 10 U,. 

U, = 0,000! Uj. 
U, = 21.544 0, 


(0.139 


In general when using general-purpose functional renerators (for example, ‘milt 
on electron-beam tubes in Academy of Sciences of 'sSR) magnitude . can change fron 
U to 15, and ¢, from 0,8 to 5. 

If the problem is solved with rigidly fixed coefficients, preater than one, 
tren all 2,, which can change within limits 0 <a, <1, should be set equal t> one. 
curing calculation cf transmission ratios one should alse consider static transris- 
sion factors cf generators, ccnnected tec input and output of simlatcr in case of 
sisulation with elements of the control loop. 


Values of resistances at the input cf cperational arplifier required fcr reai- 


ization of given transrission factor are calculated fror expressicns: 


for integrator Ky = Rr 
for differentiator Ry = RL, 
Rect oe 


for scale arplifier 
Capacitances Cis and Cy here are expressed in micrefareds, but resistance RF in 
rep hms. 


For example we will constitute equations, connecting input and output 


Bb 
4 
Ned 
e 


EOP AN bg 8 


magnitudes ror separate computing units of the functional diagram considered in 


Fig. 172. Using relationships (10.2) and (10.13) we will receive: 


U, aan ; (KyU3 + K.U34 K,,U, + K,U,+ K,sU,). 

U,= — 5 (KU). 

U,= — (Ky U2). (10.18) 
f 

Uy=- ? (Ky Uy). 
t 

U,= = , (Ks, U,). 


U, = = (Kay. 
U, = — (KU, + Kyl, + Kyl). 


Here p = oa ; t, is an independent v.riable of the installation for time. 
In the resulting equations voltage U 6 represents the sought for variable x. 


solving this system for U,, we receive 


6’ 

Ug [ph Kp +> KyyKy Ai Pt + KKK Ph? + Ky Ka KK ak 2h? + 
+ Ky Ky Ay KudsP + Kish h pK aks A aX nl = 

= Kak sy X aX nX nX Ve 


(10.29) 


Magnitude (|, can represent the initial variable in a certain scale; analogously 


6 
the independent variable, time, can differ from time of initial problem in the 
sense that processes on installation arw reproduced in a somewhat delayed or accel- 
erated rate. 


Introducing equations of transformation of variables, we receive: 
r= MU, 


yee (10.20) 
t= Ms, 
where M, is the scale of representation of magnitude x in the installation in the 
form of voltage, Hy is the scale factor of representation of magnitude y, M, is 
the time scale. 
Substituting relationshipe (10.20) in equation (10.19), we receive equation 
of modelling circuit, written in trenamission factors, scale factors and initial 


wariables: 
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és Ku as Riky Kr, dts Kika Ky, Or 
a a NE ge tO as + 


of Ai Rak hie ae Bike KoBa: oe eet) 


Mm; ar M, at 


4g KukaKiKu ky Ke kr 
t 


It is »bvious that croefficients of chis equation should be equal t> coefficients 
“f initial eouation (10.2). 

Enuating coefficients for corresponding derivatives and right sides in equati ns 
(10.2) and (10.21), we receive: 


M. 
gz Mae KisK Ky K Ks Kg “yt. 


Ku =b Ki K3.K7, =) Kika Ky, = 6 
me a ee Pe 
K KX Ky KK, K Ky Ky Kak, 
ae ea ee }., pe ge Og 
t : ¢ . 


Ki Kay Kaki XKokos eae b,. (1.22) 
a 
kK Ky Aa Ks Ke 
A 3 & Al, = by. 


yn 

From these relationships it follows that during selection cf transmission and 
scale factors there is some free play since the rumber of equations is less than 
tre number of unknowns. Therefore for determination of mapnitudes of separate 
transmission factors additional considerations are brought in, connected with pe- 
culiarities of work and properties of utilised computing elements. Among these 
considerations is the desire to limit error fror sero drift and the finite value of 
the amplification factor, and also not toc allow saturation of separate computing 
elements in precess of solution of problema due to boundedness >0f linear ranre 
(+ lu v), 

“xperience shows that maximum trensmissicn factor, established cr ccormuting 
unit (made with triode circuit for drift compensation in the first cascade) working 
as an integrator, must no exceed 5-10 and in scale block regime 20. For a com 
puting elerent, made witn automatic stabilisation of sero lewol, the permissible 
transmission factor increases accordingly to 20 in the first case and to 10 in the 
second. Here the adder can be considered a scale unit with equivalent resistance 


at input, equal to resultant rosistance of parallels connected input resistances. 
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If for given values of coefficients of initial equations transmission ratios re- 
quired of operational amplifiers exceed the indicated boundaries, transmission 
ratios mst be decreased by reconsideration of ‘he functional diagram (changes of 
scale factors) or introduction of additional units. 

During selection of scale factors one should see that solution occurs at the 
highest permissilbe level of vcltages in the installation, since this will ensure 
best use of its possibilities in the sense of obtaining low error of the solution. 

During calculation of traramissions factors for the case of factors of variables 
in time there are predetermined their maximus values and by these values, setting ail 

a, =I, we select values of Kiye During solution of a problem required values 
of transmission factors of separate units are obtained automatically by decrease 
of these coefficients by introduction of voltage dividers a,(¢) in needed places 
in the circuit. Often the dividers are introduced also and when they wish tc es- 
tablish a transmission factor less than one cr when it is necessary to pass inves- 
tigation in a wide range of change of certain coefficients (parameters) of the 
initial syster. 

Expressicns (10.22) also permit one to formate rules of composition of rela- 
tionsh.ps between transmission factors of computing units, sale factors and coef- 
ficients of initial linear differential equations, by which these relationships can 
be written only on the basis of a functional set-up diagram. 

Inceed, each coefficient of the initial equation in a dependent weriable or in 
its derivatives is expressed by the product of transmissions factors of separate 
commuting elements which form a closed circuit, at whose output there is obtained 
the considered dependent variable. If investigation is conducted not in naturel 
time scale (M, #1), then this product of transmission factors is divided by scaie 
factor M, in a degree, equal to the rumber of considered coefficient b,. Coeffi- 
cient in an independent variable is equal t. the product of transmission factors of 
computing units, connected in series between the place of application of the inde- 
percent variable and output of the sought for dependent wariable, multiplied by the 
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ratio of scale of representation of the dependent variable to the product of scales 
of the independent variable and time in a depree equal to the order cf the hiphest 
ranking derivative. 

Tt is known that accuracy of solution of differential equations on eiectronic ? 

walog computers is higher, the faster the solution converges. This means that 
error durinc investigation of stable systems of automatic control will be sirnifi- 
cantiy smaller, than during investigation of unstable ones. 

In the latter case error grows in time and can reach an impermissibly great 
magnitude, At the same time there exists a number of linear systems cf autoratic 
control with parameters variable in time, motion of which on senarete time inter- 
vais for a number of reasons is charecterized by instability, leading to build-up 
of deflections. The problem is to explain the magnitude cof deflections ani nature 
ef motion of the system on a given time interval in order, by corresponding seiec- 
tion of parameters, to limit maximum deflection at the end of this time intervai. 

To solve such problems on simuls* s without elements of the contre] lcocp it 
is expedient to introduce . -transfcermation for every variabie of the initial prob- 
ler: 

Bets (16.23) 
where 2 is a sufficientiy large positive tumber. Introduction cf + -transfor- 
mation of variables® for sclution of such problems on installations of type “LI 
leads tc change of diagonal coefficients of initial eaguations by juantity A. 
The resulting new system cf differential equations wili have a sclution, character- 
ized oy aiminishing defiections, which it is pessible with sufficient accuracy to | 
cbtain by an electronic analog computer. Fer calculation cf solutions of xy (t) 


from sclution of y,(t) cf the stable system we use again trensfcrmation ey iation 


“Offered by M. L. Brodskiy (see L. I. Gutermakher, N. V. Kurol'kev, I. 4. 
Vissonov, L. S. Plabukov, and G. F. Xus'minck (1) ). 
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(10.23). For acceleration of conversion it is possible to apply nomogrephs. 

when set-up is carried out an a matrix analog, selection of factor A can be 
accomplished experimentally on the actual installation, for which to diagonal co- 
efficients a,,;(i=1, 2, ... , n) there are added numbers, proportional to 
by G =1,2,..., Mm) until the process of solution on the installation converges. 


Indeed, if the initial system of equations is reduced to the fcrm: 


>, ie ms — (Gy yO net... + Oat t 0 


b 40 — egzytantit -.. + Ont dt hl. 


Se eS Tee Ry Oh cee Sor ce, 
eS ee See Ge ce we es 


at, = (6,,%, + 0,55, Sa ese + 0,,.%,) + Sat) 


with initial conditions x, (0), x,(0), kay x, (0), then after transition to vari- 


ables ywen ay... yen 4s, we will receive 
4 
b, Ft is 1(6,, + 9) y+ ey, +... +4,yI+ S(er, 
dy : 
6, 3 = — lony, + (n+ bd), +... beard + Aine 
os : : Be Hb Sh a ee aE nee, nes eae tee win See 
6, Ft = — ley, T 4,2Y, ay Atak 


See + (6,, t BAD.) + {,He a) 


From comparison of transformed and initial systems there ensues the abc ve-inui-~ 
cated rule of change of coefficients of an initial system of equations for finding 
the required value of , 

when the initia: systex of equationa is set up on an installation of struc- 
tural type with respect to the general differential equation of a system with con- 


stant coefficients es at's : 
Oe a tesa te +g, ae @, = fit), 

for decermination of the required walue cf 4 it is possible to use knowm theorems 
of algebra (A. G. Kurosh [1j;) about limits cf rocts of a polynomial F(x). For 


example, it is pessibie tc use the calculation 


Mit ie. (10.24) 


where M is the upper lirit of moduli of all real and complex roots cf a characteristic 


a3 39> 


cS 


equation, | 4] is the modulus of the largest coefficient, {a,j is the meaulus cf 
the leading coefficient. 

If coefficients of the characteristic equation are positive, it is possible to 
use a peneraiization of Cockay's theorem according to which moduli of roots of char- 
acteristic equation “4 are enclosed between numbers m and M, the least and greatest 
ratio of a subsequent coefficient of the considered characteristic equation tc the 
preceding one. Knowing magnitude A it is possible to calculate ccefficients cf a 


new equation, subject to solution on an installation by Horner formulas: 





) 
A, = + ’ 
where 
Dp” Q)=(- A Aley . 
( ap a 


and E(p) is characteristic polynomial of initial equation. It is necessary te note 
that initial conditions for transformed equation ana the initial remein with this 
identical, 

In the transformed equation only coefficients of the left and the form of the 


right side change. 


3. Determination of Initial Conditions 
anu Disturbing Forces 


To determine initial. conditions and disturbing forces in those physical quan- 
tities, in which they are represented in the computer, one should use transforma- 
tions (10,20), Thus, for example, if in solving differential equation (10.2) we 


are given initial conditions: 
EQ=Cy 20) =C, xO =C, £0) = Cy. 
x" Q)=C, x9) = C;. 


and disturbance y(t) = B = const, then on the basis of equation (10.20) we will re- 


ceive 
z= MU, yiQ=B=M,U,. 
whence _ 20 C 
U,0) = “A, = Me’ 
and @ 8 _ : 
n U,= "=a, const. (10.25) 
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In order to find sxpre3sions for initial conditions for remaining derivatives, 
we will use equations (10,18). 


On the basia of these equations we obtain: 





U, j= oa so = -- wie: 
BSE: gre: 
ny 0) Cy 

CO) Wake ~ Wikakey ' 

= 2 Cy 
U0) — ERK Ra WGKaKaRu’ 

_ 0) = C. 
G1) TE KaksKaKo Wi RaKoRaR’ 

_ x (0) me Cy 
i OS a aKuKakha MaKe Ke Kaka Ag | 


If disturbance represents a given function of time, it can be reproduced on 
the installation by solution of a certain auxiliary equation (see page 331) or by 
introduction of a buncher cf coefficients. In the latter case it is useful to pre- 


sent y(t) in the form 


¥ () = Yaar 2 it), (10.26) 


where Fax is maximum value, taken by function y(t) on considered tine interval. 
max 


Here Uy max ~ My = const, and change of Uy max in time is carried out by the buncher, 


as shown in Fig. 178. 





Fig. 178. Method of intro- 
juction in analog of given 
functions of time. 





4. simlating Systems of Automatic Control 
With Very Large Time Constants 


Puring investigation of these systems of avtonatic control on analogs withcut 
elements of & regulator the problem boils down to selection of proper time scale. s 
Ay introduction of a time scale they reduce speed of model processes to such a “ape 
nitude, there is no error due to leaks and output beyond the passband of separate 
computing elements. 

In case cf work with elements cf a regulator, miturall;, it is neceesary tc 
Keep the tire scale natural, and then in slowly flowing processes cf adjustment it 
is necessary to solve differential equations with rinute coefficients. Inceed, let 
us assume that on the analog there will be investigated a controlled memt.., de- 
scribed by differential equation 

p+ 2hp + wl) x = hy. (10,27) 
and let the period of natural oscillations of the object be T = 15 minutes, and 
their attenuation such that with zero initial conditions and & step-—by~step change 
of y the x ccordinate reaches 95% Xyet during the time t = 2T. 

In these conditions 

Ao — Ping S16 10°, 2 = 49. 10°%, 
Functional set-up diagram of differential equation (10.27) on installation is 
shown in Fig. 179. 

On the basis of presented method coefficients of initial equation are connected 
with parameters of computing units by relationships: 

Dhan ge bs RTS PA RC 
Taking Ryo) = Ry 3° = RoiCo = Ry 4°) = land K,, = 1, we obtain 


31 
% aM 
= chk = 0,003, @,2,2, = 49.107”, O24 == “as 


M 
wren = 2, = 0.007 = 2 = ae 
&, = 2, / A= 1. =! we obtain 2 =! and a,=1. 
Trus during modeling of slow processes there is no necessity to have capacitors 
of very great capacity for integrators. Large time constants it is possible to : 


reproduce by combination of the usual integrators and dividers. Here one should 
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Fig. 179. Functional set-up diagram on 

similator of equation of an object with 

slow processes. 
apply operational amplifiers with automatic stabilization of zero level and turn 
special attention to eliminating possible leaks between their integrating point and 
output, especially during work as an integrator. A number of practical methods of 


decreasing these leaks is considered in Chapter IX. 


5, Examples of Solution of Problems 


Solution of linear differential equation with constant coefficients, Let us 
assume that it is required to find in full time scale solution of the differential 
equation 

ax 


as d*s d°x a qd 
at GT Get a ta tg the = bl ~~ (10,28) 


with given initial conditions: x(0) =1, x‘)(0) = 0, x(2)(0) = 0, x(3)(0) = 0, 
x4) (9) = 0, x5) (0) = 0 and the following numerical values of coefficients: 


6, = 3, 6, = 3,75, 6, = 2.5, 6, = 0,937, 6, -2 0,187, 
6, = 0.0155, 4, = 0. 


The functional set-up diagram of the problem is shown in Fig. 160. It differs 

from the one considered earlier (see Fig. 172) by inclusion of two voltage dividers 
(1, 2,5 for reproduction of coefficients less than one. Using the rvlationship 
recoived earlier (10.22) between transmission factors of separate units and coeffi- 


cients of initial equation, we will. receive when M, = 1; 





Fig. 180. Functional set-up diagram of differential 
equation of sixth order with wide range of magnitudes 
of coefficients. 


K,, = 3, Ky KyK, = 3,75. KiKyAy = 2.5, 
KKK K Kr, = 0.937, KK KK 4 K5,2, -= 0.187, 
Ki Kank Kks A gK 32) = 0.0155. 


Taking Ky = Kip = Kn = Ky) = Kia = eo = Key = Koy =], we will obtain Fay 36). 


Ky = 2.5, Ki, = 3.0, Koo = 0.937 and 
@, = 0,187, 2, = 0.0155. 


To guarantee work at the highest possible level of voltages in the installation 
we select scale M,, proceeding from the fact that x = 1 correspcnded to |! = 100 v, 


Then ' 
M, = v= To = 0,01. 


Voltage of initial conditions is 
# (0) j 
UO) mB = aay = le. 
On the oscillogram of Fig. 181 there is brought solution of considered equation, 
received on computer EMJ-5. Comparison with calculating data shows that relative 


error does not exceed lf. 





Fig. 181, Result of solution of linear differential equa- 
tion of sixth order. 





Solution of Mathieu equation, It is required to find periodic solution of the 
equation 
$4, + (a — 2qcos 2x) y =0 (10.29) 
when y(0) = 1, y(0) = 0 and q = 2. 
As it is known, periodic solutions for the given q ‘ake place not for all val- 
ues of coefficient a. 
If we want to obtain a periodic solution of the form 
y=ACe,(g. x). (10.30) 


where eeu TO: 
Cale 


then, using known relationships or tables (see 4. Strett [1]), we find that a = a)= 
= 2,38. Replacing independent wariable x by tima t, we move to system of equations 
(10.11), whose set—up on a computer is shown in Fig. 177. 


Equations of voltages for separaze computing units of the circuit give: 


U,=— 5 KU. + KyU5, 


U,= — . Kyl, (10.32) 
U, am — K,,U, 

U,=$b,UU, 

U, = — ‘uy U,. 

ey ae (10.32) 
U, = - AU, 


Solving systems of equations (10.31) and (10.32) for U, and Us, we will obtain 
pU,+ (Krk gs, — BAVA UYU, = 8, 

BU, + Ky Ky Kyl, = 0. 
Introducing equations of transformation of variables y = MU, and 2 = ¥,!/ 5° 
we will obtain 

1 
Py + Ky Kykny = uw 36° Ky ty. (10.33) 
Pr + KK, Kut =0 


Comparison of coefficients in equations (10.33) and (10.11) gives 
o 1 
q @=XK,K, Ky, iM, BK Ky = 1. ot WK, Khe 
Initial conditions are determined on the basis of transformation equations of 


variable relationships 
a2 1M mu) 
Uy (0) == 3. U,(0) = i 


when q = 2, a = 2,38, B= 0.1, ¥(0) = 1, 8(0) = Fg “1, © = 1 we will obtain 


oo A ARIEL A AAI SR NARI ARS at 


Kak = 0,595, KK, Ky = 1. a Kuk = 10. 
Taking Ky = 1, Ko) = 1, Ky) “2, we will cbtain K,, = 0.595, Mg = 0.1. Hnowine 


s° U 8 (0 
of ) mM, ar ' . 


Scale My mist be select such that units do not leave the bounds of linearity. 


Let = 0,02; then 
4y : U,(0) = Ie = 50 6. 


Change of magnitude U2(0) influences only the scale of the obtained curve, and 
rot on ita shape. In Fig. l&éa and b are brought results of solution of this 
problem on computer EMJ-5 for a quarter period and for several periods of solution. 


Error of solution on the first quarter period does not exceed 2.5% 





disturbance, Equation of machine without considering damping and electromagnetic 
processes in coils can be approximately presented in the form 

Bit Agata Fi, (10.34) 
where § is the angle of displacement of axis of the rotor flux with respect to the 
axis resultant stator flux, F(t) is acceleration, equilivalent to applied distur- 
bance, A ia magnitude, proportional to synchronising moment. It is required to 
find t*e nature of change of 4() for various values of F(t), given in the form of 


a step function with A = 2 and sero initial conditions 
8(0) an 0, 3(0) = 0. 


Funetional est-up diagram in accordance with equation (10.34) ie show in Fig. 
183. Equations of voltages for separate computing units will be: 
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Fig. 162. Resul*s of solution of Mathieu equation, 


1 : 
U,=- ; (KU, -+ Kit), U,=- ; K,U,, 


U, =- «Sin (Uy). Ug 2,U (10.35) 


i. 
Solving these equaticns for voltage Ur, we will receive 
PUr+ Kp Mipey sin NK Uy (10.36) 


Introducing equations of transformation of variables 
Ba MU, Fin 2 MU, My I 
and changing to initial variables, we will receive 


«an ee | A, A, ak. 
gat Xa X ite, (sin ” it,) ee My “Fw. (10.37) 


Comparing equations (1U.34) and (10.37), we obtain 
Ky A aay, = A. it, ak 





Fig. 183. Functional set-up diagram 
of computing elements for solution of 
prebler. of oscillation of rotor of 
synchronous machine, 


Poa 
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In functional generators of computer 'MJ-5 for trigonometric functions we take 


= 100 and 4 = gy. Therefore M,=G = iq. When A = 2 and ¥5 = Kay * 


4a 


= Fo) = 1, F(t) = 1, we obtain: 
&=—, MaMa. U = Sit _ 10 


. (00 i 


In Fig, 184 is presented the oscillogram of the solution. “omparison f the 
eiven oscillogram with results, recieved on a mechanical integrator (see I, M. 


Markovich 1 ), shows that error of solution does not exceed 27, 





Fig. 184. Results of solution of problem 
of oscillaticn of rotor of synchronous 
machine. 


KEY: (a) rd ; (b) sec. 
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CHAPTER XI 


SIMULATING LINEARIZED SYSTEMS OF AUTOMATIC CONTROL 


In principle every system of automatic control during strict calculation of 
various acting factors is described by a nonlinear system of differential equations. 
Linearized systems therefore are only coarse models, as it was a first approximation 
of the studied or recreated system of automatic control. 

If in a number of cases the stability of the initial system can be judged by 
the stability of its linear model*, with respect to the quality of the transient 
this can be done, apparently, only for a very limited class of systems. 

One can create the impression that in these circumstances investigation of 
transients of linear models of CAP loses its meaning in general, and, in particular, 
there is nc sense for sclving these problems in applying electrunic simulators. 
However the matter is not so, As we know, development of systems of automatic con- 
trol is conducted in separate stages. On the first stage. when the initial struc- 
ture of the system is explained and there are established technicai requirements on 
the ob‘ect and regulator, analysis of a linearised system gives necessary initial 
data. Furthermore, analysis of a linearised model serves during further investi- 


gation fcr compariosn and explanation of influence of separate nonlinear 





“See, for example, M. A. Ayserman (1). 


-Ww?- 


dependences, accompanying physical realisation of the system, lying at the basis 
of the principle of action of the object or regulator, or introduced artificially 
for the purposes of improvement of dynamic properties of the eveten. 

Application of electronic analog computers allows us to accelerate and facili- 
tate investigation of stability and transients in linearized sustems, especially 
when they are descrived by differential equations of @ high order with variable 
coefficients and constant delay. 

Equally with this comi.ination of linear inodel 1 an cbiject in the form of in 
electronic integrat r with elements of conticl equipment gives ths possibility to 
consider the influence of deflect: ons of technological crder and earlier ignored non- 
linear dependences in this equipment. 

Solucion of linearized systems appears slso of great help during checking cf 
correctness of set-up and solution of nonlinear problems on electronic integrators. 
“iio check is carried out by means of raximm transition to a linear system, for 
wrich it de easy to analytically estimate stability and certain characteristics cf 
transients. It is necessary to note that obtaining of correct results with the 
help of mathewatical computers of any types requires from the researcher a ciear 
ides of the physics] processes in the system, skill to estimate a number of partial 


solutions, cbtained as the result of such investigation. 


Ld. Simulating Crdjnery pinear: sec Syatens of 
Automatic Control 
Constant re 
Let us consider as an example similation of the processes of automatic contre! 
of speed of dc motor, fed frow a generator with regulated voltage. A skeleton 
d:agra: of such 8 system cf automatic control is shown in Fig. 185. Equations of 


motion of conaidered system of automatic contro] after linearisation and disregard 


MR HAE 


of reaction of armature and inductance of armture circuits of generetcr and motor 


can be presented in the form of the fcllowing systen: 


eh m AAI SE ety OM OOM 


equat.on of indicator of error 


U,—U, = AU, (11.1) 
equation cf tachogenerator 
U,= 49. (11.2) 
equation of amplifier 
e=K, AU, (11.3) 
equation of exciter 
T, fe + E, =k, (11.4) 
@quation of generator 
7, 4 + &, = bE, (11.5) 
equation of motion of motor 
a (11.6) 


where Uy is the master signal, 2 is angular velocity of notor, Ty is time constant 
of excitation circvit of exciter, T. is time constant of excitation circuit cf zen- 
erator, 7 is electromechanical time ccnstant of acceleration of motor, mis the 


loag moment, k), Koy k, are proportionality factors, Ky is amplification factor of 


amplifier € 


= 





Fig. 185. Fundamental circuit of sim- 

lacion of processes of automatic contre] 
of speed cf d-c motor. 5S —exciter, [ — 
generator,  —-motor, T—taciogenerator. 
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It is necessary to explain stability of such a system of automatic control and 
the influence on stabiiity and nature of transients of imposition of internal feed- 
back with respect to acceleration of regulated motor with whe following numerical 


values of parameters of the system: 








= ke - 8 « soc 
" & rdn 
m4 W8CC 
. rdn m, = 48 kgom k _ ; Wgec 
a ordn 
T, == 0,1 sec T, =0,5 sec T, == 4a =! see 
e 
: rdn 
a, =5, k= 5, Ky = 10, 29,= 110 aac 


Before investigation on an electronic model it is expedient preliminarily to 
explain whether the system is stable for the given numerical values of parameters. 
With this aim it is possible to use known criteria of stability of linear systems. 
The quickest is the modification of Routh's criterion littie-known in automatic ccn- 
trol practice, offered by A. M. Kats, useful for systems of any order, 

In order t= explain stability of a system, it is sufficient according te chis 
criterion to constitute a table from coefficients of the characteristic equation and 
prove that diagonal members of this table are all greater than zero. Below is de- 


scribed a sample of composition of Kats' tablu for the characteristic sixth order 


equation 
+ asp’ + a,7'+ ap + ap’ + 2,9 + 4, = 9. (12.7) 
oystem 1s stable when 4,>0,6,>0. ¢,>9, d>0. e >0.f,>0. 
In the considered case the characteristic equation will be of the third order: ' 
P+ op" + ap + a, =0, (11.8) | 
BE a= titi seat ant ant 
bhi, 
= ryt =x 1270. 
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a ee 
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Kate' Tadle for that case has the form 
Table VIII 
& | a, | & 
6, ~a,—b, ho 
| ft. = by 


and leads for positive a., a and a) to the known Hurwitz criterion of stability 
6,4; > a,. (11.9) 

For given numerical values of parameters this criterion is not satisfied, and 
tnerefore, if by considerations of accuracy it is undesirable to lower magnitude 
By by a decrease of the total amplification factor of the system, then it is neces- 
sary to introduce means of stabilization. 

Introduction of a signal, proportiona® to acceleration of motor, leads to in- 
crease of coefficient a,: 

oe the nth (11.10) 
and, consequently, satisfaction of criterion of stability (11.9) with proper selec- 
tion of coefficient ky in the acceleration signal. 

Using the metnod brought in chapter X, we will constitute a diagram of connec- 


tion of operational amplifiers and calculate their transmission factors for solution 
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Fig. 186. Functional diagram cof set-up of equa- 
tions, describing processes of automatic control 
of speed of dee motor. 


of the system differential equations (11.1 - 11.6) in the absence and in the pres- 
ence of the acceleration signal. 


With introduetion of acceleration signal after simple transformations we will 


obtain: “e, Ug tke py BiKyty g _ BiKyte 42 
fo Re yy dt" 

1 D 

ea Tht Re — 


= 


wat oh Fe 
The functional set-up diagram of these equations is shown in Fig. 186. 
Equations of separate units of the circuit of Fiz. 186 will be: 
Uae LKuUs + Kua + Kis + KW, 
U,= - 5 (Ky + Kyat), 
Us Sy + Kell + Keay) 
Uy me — (Ky Uy + Kgl” + Kya. 
Intr. ducing equations of transformatuon of variable: 
Ey Me, Qa MU, m= MU, 


a, = Me U;, YU =H Ut Mh. 


we will cbtain: ere 


2p PPPTE: OP SENET PROMO LEER OL CTE RGR. FS a 
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hie = geet = oS - weer ee 
eR en INR meee 
—_ 
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4E, Me Ky Me, 
a i, Ye Tay Kita — 
K,,M4 K 
— et 2 - ait Ee 
t t 
M, XK K. 
d e, Sn 2% 
SP = ate, WF 


(11.12) 


‘ &, 
d2 M,K,, KM, Ku _ 
a> WH, © Ba HBP | 


v 


Compari.on of the received system of equations (11.12) with the initial (11.11) gives 


! Ku a,ky Me Ku 
a a TT >" MMe, 
&, Kyk, Ki; Me. &,Kyk, - KunMe 
“i = Mw, ' FM, 








1 Ky K, Me Ky 
Tt, *"ii,"° 7, =~ WM,’ 
1 Ky, ! MKy I KyM, 


OM’ Gh” WM, Ty MMS” 

We select the time scale, proceeding from the condition that frequency of pro- 
cesses does not exceed the passband of the computing elements of the installation. 
Estimating coarsely duration of process of adjustment by magnitude of the 
largest time constant T3 = 1 sec, we will take M. = 1, Here duration of processes 

in the simulator will be equal to duration of processes in initial system. Re- 
maining scale factors, coefficients K; j and @ , are selected from condition of 
work of computing elements within limits of permissible error and the linear range 
of change of output voltage. 


For the given numerical values of parameters we obtain: 


Ki, Mp Ki, K,,Mep 

“a; = 10. “Hi; We =- $00, Wa = 0. 
Kip Me, Kur Me Ky 
7 == $00 Ye “A, = 2. aA, an 10, 


Kay _ | MK, = - 0.28 KyMy 3 
~My, MMe “ WM, t 


ny OTP NTS 


4 f): SAUTER E AI EIR Bs 


When M, = 1 we take Mp = -100, No=-1, M = -10, My = 1, Me = 10. 
As @ result when «, = 1 we find: 


Ky= 10, K,, 5, Ky=5, Ka, = 52,, 
Ky= 2. Ka = 100, Ky= i, Ky os 2.5, 


Kemp. Ue 48v, Use tty, earl. 


Transmission factor Ko, * 100 is carried out by connecting to the feedback 
circuit of opsrational amplifier No. 2 a capacitor with capacitance C = 0.1 micro- 
farad, and at input of resistor Roy = 100 kilohm, K, = 2 is here carried by feeding 
input impedance Roo = ] megohm from divider 4% ~ 0.2, 

In Fig. 187 are brought oscillograms of transients in the investigated system, 
received with the help of electronic model EMU-5 accordingly in the absence of feed- 
back with respect to acceleration and with introduction of this feedback with coef- 
ficient I, = 0.159 and application to the shaft of the motor of a constant moment 
of lead m, = 48 kg-m. 

As follows from the data, briught “n the oscillograms, coincidence with calcu- 
lated values is sufficiently near. 


Indeed: r 
Bees. pecs ~ eRe = — 0,096 rdn/sec 


te 
AG. we = 0.1 rdn/sec 


Frequency of process it is possible tentatively to estimate by equation (11.8), 
using formla 


4, = — & — 24), 
@ = (wo? + 7°) 6. 


(11.13) 
where { is a real root, and — 1+ /e—are complex roots of equation (11.8). 
For process with small attenuation it is possible in expressions (11.13) to 
disregard magnitude 2; as compared with $ and 1 as compared with wu. 
Then we will obtain: 
cane #299 rdn/sec Mae 9 rdn/eec. 
With the help of electronic models it is possible also to determine in the plane: 


ee 


of parameters of adjustment of the boundary of the region of stability, boundaries | 
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Fig. 187. Oscillograms of transients of auto- 
matic » atrol of speed of d-c motor. 
KEY: (a) Sec; (b) Kg-m; (c) rdn. 
sec 
of the region with given qualities of the transient, and execute rapid se.ection of 
parameters of varivcus means of stabilisation. This allows to accumlate factual 
material about properties of separate classes of systems of automatic control and 


thereby to fill the gap existing at present in theories of automatic control. 


2, Simulating Systems of Automtic Control with 
Parameters Variable in Time 


To differential equations with coefficients variable in time are brought prob- 
lems of investigation dynamics of processes of stabilisation of motion of flying ob- 
jects about the center of gravity with variable flight speed. As an example let us 
consider simulating isolated motions of banking and course with e.:ements of stabili- 
sation equipment. 
Simulation of connected motion does not present any principal peculiarities, 
with the exception of the appearance of additional cross connections in the set-up 
diagran. 
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Fig. 188. Diagram of union of model with 
stabilisation equipment. 

l—feedback potentiometers, 2—steering 
motors, 3—relay units, 4,—amplifier, 5— 
modulator, 5—differentiating cell, 7-- 
potentiometers for receiving signal, prce- 
portional to deflection of steering m- 
tor, B—load stand, A-analog, B—stabdil- 
ization equipment. 

Equation of motion of object with respect to banking in this consideration will 
differ from equation (1.16) by the fact that coefficients By and B. are no longer 
constant, and functions of tine are given: 

9+ Bho = - BHd +t Fu). (12.14) 
where F(t) = Bo(t)a, is the disturbance acting on the object, 

The diagram of coupling the model with stabilisation equipm¢nent. is shown in 
Fig. 188. In the general case at places of union with real equipment there mist be 
established converters, whose transmission factors dictate selection of scale fac- 


tors of conversion of corresponding variables. 


La CR Ome LENSES SmI ORES RE AI A TMMONE Om Ne Eee et age es 


In the considered problem tension, representing the regulated coordinate in the { 


model, is converted by a special device into the angle of rotation either of all the |; 
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stabilization equipment, or only of its sensory=-a gyroscopic instrument. In those 
cases, where dynamics of the gyroscopic instrument can be disregarded, the need for 
a converter drops. 

Output of stabilization equipment is connected with input of simulator by po- 
tentiometers. Voltage from cursors cf potentiometers, proportional to angle of ro- 
tation of steering motors, moves to input of model. Here on shaft of the steering 
device there should be reproduced load (hinged moments) by the help of a special 
load stand. This load can change in time and depend on the angle of displacement of 
the steering wheel and the coordinates of the object (angle of incidence or angle 
of slipping). -As such a load device in the simplest cases we apply stands equipped 


with springs (Fig. 189). 


PON NOH AAT Tt 
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Fig. 189. Fundamental circuit of load stand. 
PM—steering machine, P—reductor, 7 —spring 
mechanism, 
Set-up of the equation of metion of the object is conducted by maximum values 
of coefficients for the considered time interval, and to output of the corresponding 
units of the circuit are connected voltage dividers, bringing at every moment of time 
the voltage to the output of the units to the required value. 
Let us assune that in the considered problem By may = 4.45, Bo may = 309, 
the gyroscope is taken as a sero-moment element with transmission factor k, = 2.3 


v/deg, and potentiometers on steering machines will convert the angle of rotation 
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Fig. 190. Functional diagram of modeling of equations 
of banking with variable parameters. 
uf steering wheels 4 into voltage U ; with transmission factor 4, = 1. 
The set-up diagram is shown in Fig. 1W a, 


Equations of separate computing elements give 
UIP + Kya (O al = ~ Kyk thy — Ky ky2, (0 Ug. 
After transformation of variables = M U2, b= 4,U, T= Mt, we will re- 
ceive 


OU, . Kis (t) aU : 
ee 


(1) A Sul : (t) 
aM oe (11.15) 
Comparing equation (11.15) with initial equation, in which coordinate ; is 


replaced by U. by substit tution Uios ki 9 , we will receive 
Age a) om ui a 8, (t) = = Ahn ts ee 


During investigation »ith elements of conte i sass M =]. Furthermore, it is : 
necessary to take M_ = 1 sc that it is possible directly to feed output voltage of © 
installation to the differentiating circuit of the equipment. 


Therefore finally we obtain when 4 (f)=3,10)=1 and bog. 


Kia = By was = 4.45, 
Ky Ky we By oo, k,= 711. 


These transmission factors could have been realized on two units of this cir- 
cuit, ‘f coefficients By and B. were constant. In this case in the first unit it 
wou... .ve been possible to realize a transmisiion faction of the order of 50 by 
selection of a capacitor with 0.1 microfarad capacity and resistors Ri) = Ryo = 
= 200 kilohm, and Ra = 2,24 megohm. Tranamission factor of the second unit here 
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should have been Koy = 14.2 which for operational amplifiers with automatic stabili- 
zation of zero level can be considered permissible. 

Considering that coefficient By can Also take zero values, it is necessary to 
supplement the circuit with amplifiers at input and output (Fig. 190d). 

Before solving a problem with variable coefficients and real equipment, it is 
useful to prove the correctness of set-up and solution of equations on models for 
several fixed values “ff coefficients. 

Analytic solution of equation (11.14) with 9 (0) =0, 9(0) = 0, F(t) = —3,, 


2% 
and constant coefficients gives 


r= ra — Bt — ey (11.16) 


In Fig. 191 is brought the oscillogrem of solution of this equation on a model 
for B, = 0.98, B, = 19.8 and 4,= 1.9, and in the table are brought results of com 
parison of this solution with the analytic one. The table indicates the near co- 
incidence of calculated and experimental data. 

In Fig. 192a are brought oscillogreams of change of coordinate v during solution 
of a problem with variable coefficients, given by graphs in Fig. 192d. From the 
osciliogram one may see characteristic change of period of oscillations » which fcl- 
lows a change of coefficient Bo in time. Transients during appiication and removal 
cf disturbance converge to naturel cacillations which bears witness to the pressnce 
of nonlinearities in the stabilisation equipment. 

In the case of stabilisation of course motion it is necessary to solve on the 
model system of differential equations (2.5) with the distinction that coefficients 


A, Aus A, and A, sre given functions of time. 
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Fig. 191. Om checking accu- 
racy of solution. 
KEY: (a) in deg; (bd; Sec. 
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Fig. 192. Processes of stabilization of banking with 
variable parameters and suppiying and remeval of dis- 
turbing moment. 

KEY: (a) Time T s-c; (b) Experimental; (c) Calculated; 
(d) Deg; (e) Kg-w; (£) Squation of ebiect; (g) vec. 

Proceeding by the above-stated method, we arrive at the set-up diagram brougnt - 
in Fig. 193. As in the preceding case, it is usefui vefore beginning a scluticn 
with coefficients variable in time to check accuracy of solution of equations on 
the model. 


Solution of system (2.>) for coordinate % uncer the condition thai A, -v, ais 


turbances F, = M, = 0, coefficients are constant and steering wreeis a: moment 
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Fig. 193. Fanctional diagram of modeling of 
‘quation of course motion with variabie parsa- 
meters, 

KEY: (a) Disturbance; (6) Tc autcpilot. 


t = Oare instantly shifted an angle 4, leads to equaticn 
4 + (A, + Ag 4 + (AA, + AQe = — AAs 4 Cy 
The integrel of this differentiai equation in the case of complex roots of 
the characteristic equation will be 
¢=Ce-" taf + Cy" cos of — ae + 


A, At (A, 4 AY) (11.17) 


FAAP TOGA pay 
whe re Cy Cc Co, ame constants of integration, determined ty initial conditions 


yi) 20, 4) 0, Fi} AY in the form of expressions: 


(a 3 Aes ' A 
eA, + A, Oy 
Ce Aali—ae ye +s ames 
ga - 2A, 4 (12.18) 
AA, + AS 
Com A ag 


fA AAA | AMA EAD 
ce al Ata + eta): 
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w.ere y- is the attenuation factor, and « is the frequency of oscillations, de- 


ternined by relationships: 


a 
1=- At, 


wn 0a AY. 


(12.39) 
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Fig. 194. Checking accuracy of solution. 
KEY: (a) Deg; (b) Sec, 


In Fig. 194 is brought the oscillogran of solution of the considered system of 


equations (2.5) in case of constant coefficients, equal to A, = 0.435, =O, 


A 
2 
Ay = 17.67, A, = 20.65, and A, = 1.59. Comparison of received sclution with the 

analytic soluticn in distinction from the preceding case can be made not for separ- 


ate points of the solution, but by comparing characteristic parameters of the solu-~ 





tion: = & +A AA, (Ag + A,) Be 
=F AA, + (AA, FA 
: A,A fy 
Ms HA +4," (11.20) 
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Results of comparison, shown in the oscillogram, bear witness to satisfactory 
accuracy of obtained solution. It is necessary to note that error of solution for 
parameter Yer in significant measure is determined by how much transmission fac- 
tors for both inputs of the operational amplifier, producing coordinate 3 (angle 
of slipping) differ. Accuracy of setting of these transmission factors should be | 
not lower than the third significant digit. 


As follows from this example, for estimating accuracy of a solution, received 
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Fig. 195. Processes of stabilization of course with variab)e parameters. 

KEY: (a) In degrees; (b) Sec; (c) Regime; (d) Kg=m. 
on the modei, in a number of cases it is more correct to comduct comparison not for 
separate points, but. of characteristic parameters of the solution. This is sensible 
to do especialiy when the solution has an oscillatory character or sharply expressed 
extrem, 

In Fig. 195 are brought three oscillograms of processes of course stabilization 
with coefficients variable in time, received during work of electric automatic pilot 
with proportional feedbacx, controlled by the signal and its first derivative. Para- 
meters of the differentiating circuit changed as a function of time in steps. From 
oscillcgrams one may see characteristic change of amplitudes of natural oscillations, 
connected basically with change of coefficients A, and Ag. On the oscillogram of 
Fig. 195b is show the influence of disturbances, applied in the form or rectarqular 
pulses of various duration, and on the »scillogram of Fig. 19l1¢ is show influence 


of brief change of sign of coefficient A, (statistically unstable object). 
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Zz, Variable Speed Drive of Coefficients 

Devices, intended for introduction of coefficients variable in time, are called 
variators variable speed drives of coefficients. 

w- distinguish electromechanical and electronic variable speed drives of coef- 
ficients. In those cases, when solution of 4 differential equation is produced in 
full time scale and change of coefficients of differential equations occurs slowly, 
we apply electromechanical devices. With iteration of the solution with a frequency 
greater than 10 eps electromechanical devices cannot be applied due to great inert- 
ness. In these cases for introduction of variable coefficients we use diode fiunc- 
tional generators, in which voltage of the argument changes linearly in time ac- 
cording to saw~tooth law with ths frequency of iteration, and corresponding mlti- 
pliers. 

The simplest electromechanical variable speed drive of coefficients (Fig. 196) 
consists of a certain number of linear potentiometers, cursors of which are moved 
in time by a draw line and profiled cams, made in accordance with the function of 
time given for reproduction. A tension spring serves to guarantee constant contact 
of the roller and cam. All cams are planted on a common shaft, moved by an electric 
motor with constant speed. 

One wide-spread modification of cam variator is shown in Fig. 197. Pulse step- 
by-step motor, moving the cam shaft, can be fed from a pulse generator of stable 
frequency, provided in electronic models (for example, in IPT-4, IPT-5, MPT-9) 
or from any other interrupter of current. This ensures possibility and simplicity 
of change of spved of rotation of cams in comparatively wide limits. Considered cam 
variators with accuracy of profile of cam + 0.1-0.5 mm and maxiaum can radius 60m 
introduce error of + 0.16-0.33%. Among deficiencies of these devices one should 
mention comparatively high labor~consumption of manufacture of cams, 

In the design of variator of coefficients offered by engineer Ivanovskiy cams 


are replaced by slip-rings, made of wire, bent by a given inw and fastened to fixed 
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Fig. 196. Fundamental circuit of cam var- 

dable speed drive of coefficients. 

le-slip-ring, <-~potentiometer, 3—tension 

spring, 4—string, 5—drum, 6--cam, 7—~—le- 

ver, 8—roller. 
insulating plates 1 (Fig 19@a). Along these plates moves a trolley with linear 
wire potentiometers 3 of cylindrical form. Potentiometers by springs 4 are pressed 
to the wire. Drive of the trolley is carried out from an asynchronous motor through 
reductor with a changeable transmission ratio (movement of trolley at full speed is 
provided after 440, 220, 110 and 55 sec). For stabilisation of speed,on the shaft 
of the drive motor is put ina flywheel. ‘The general appearance of such a variator of 
coefficients as made by the Academy of Sciences of USSR is shown in Fig. 198b. 

Examples of variable speed drives of coefficients with step-by-step approxima- 

tion are the units of variable coefficients of electronic models IPT-4 and IPT-~5 
(Fig. 199). The basis of each unit is a 100-lamellar stepping selector. Step-by- 
step motor is controlled by pulses from an interrupter, located in the control panel. 
Time of switching trom lamella to lamella can be fixed equal to 1.5 sec, 1 sec, 0.75 
sec, 0.25 sec and 0.1 sec. Consequentiy, to time of cycle of work of variator can 
have 6 values from 150 sec to 10 sec. Values of voltages, brought to lanmellae of 
variator, can be set in steps by any law from the voltage divider, where on the 
divider there are 100 divisions of positive voltage and 100 divisions of nesative 


voltage. Commitation from the divisor to lamellae of the selector is carried out 
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Fig. 197. Kinematic diagram of modification 
of cam variable speed drive of coefficients. 
l—can shaft, 2—cam, j—setep-by-step motor, 
h--lever, 5—-tension spring, 6—winding of 
potentiometer, 


KEY: (a) d-c pulses. 
on a special setting field. Besides, the level of a coefficient can be lowered by 


an additional voltage divider with a coefficient of division 0<¢« <1 at an interval 
0.00] of the step. 





Fig. 198. Variable speed drive of coefficients with wire-wand shaped 
slip-rings. 
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To obtain pulses, controlling the step-by-step motor, in analogs IPT-4 and 
IPT-5 there is a special device, consisting of a quartz oscillator with a frequency 
divider (with division of frequency from 1000 cps to 50 cps) and an auxiliary pulse ; 


generator, consisting of 6 synchronous motors, working from a trequency of 50 ¢ 


SAAS Faye et 0 


and interrupting contacts with six different frequences. If permissible error of 
scanning of coefficients in time is 2%, then motors can be fed directly from an 


a-c net. 
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Fig. 199. Variable speed drive of coefficients 
with stepping selector. 

KEY: (a) Setting field; (b) output; (c) Step- 
by-step motor; (d) Pulses. 

Among the merits of the considered variable speed drive one should include the 
fact that in separate moments of time there can be received coofficients with great 
accuracy, since separate sections of the voltage divider can be made very accurately, 
Essential deficiencies of these devices are complexity of construction, large di-. 
mensions, appearance of additional interferences due to step-by-step in-rcduction of 


the variable coefficient. | 
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Variable speed drive of coefficients of analog MPT-9 is a modernization of the 


considered device, (Gn the setting field of the unit of the variable coefficient 


there is no divider with negative values of voltages. Nepative values of coefficients 
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Fig. 200. Modification of variabie speed drive of 
coefficients of Fig. 199. 

KEY: (a) Setting field; (b) Output; (c) From pulse 
generator; (d) cps. 


result from genera. displacement of level of the graph of the variable coefficient 


by a special device, introducing negative input voltage with a constant coefficient 


into the model. 


unit there can be fed pulses with one of five frequencies by program in time which : 


Furthermore, to the stepping selector of the variable coefficent 


‘ 


allows us to approximate the curve of the law of change of the coefficient more ac- 


curately, i.e., on steeper sections of the curve to increase the frequency of 


switching. 
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To obtain programmed introduction of frequencies of pulses on the stepping se- 
lector the variable coefficient unit, there is an additional device, including still 
another stepping selector with 100 lamellae and a setting field, where to every 
lamella there can be passed pulses with one of the following five frequencies: 

8 cps, 4 cps, 2 cps, 1 cps, 0.5 cps. Lamella can also remain unconnected, and in 
this interval of time not one pulse will pass to the stepping selector of the vari- 
able coefficient unit. All main elemsnts of variator of coefficients and auxiliary 
devices (generator of stable frequency and others) remain the same as in variator of 
analog IPT-4. The basic circuit i: shown in Fig. 200, 

Shown designs of variators of coefficients cannot be recognized as totally 
perfect. Cam variators require comparitively great expenditure of time on manufac- 
ture and replacement of cams; variators with wire on the insulating plate, do not 
ensure smooth change of the time—speed scale of potentiometers and have complicated 
drive mechanism. ‘Yariators with stepping selectors also are not very simple and 
frequently serve as a source of undesirable interferences, caused by the step nature 
of approximation of the variable coefficient. 

Apparently, improvement of variators with wire, glued on insulating plate or 
drum, can lead to creation of devices which are simple, accurate and at the same 
time convenient to use, Significant simplification here can be attained by transi- 
tion to smoothly regulated drive, in the form of @ servo system. Supplying this 
servo system with feedbacks with resect to speed and position, it is possible to use 
the variator of coefficients also as a functional generator or mltiplier-divider 
during investigation of processes with frequency up te 1 cps. By this it is possibie 
considerably to supplement the possibilities of the electronic model without in- 


creasing the number of addit‘onal units. 
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4. Simlation of Systems of Automatic Control 
with Constant Delay 


Constant delay is met primarily in industrial process systems.* 

An essential role in formation of constant delay in industrial systems is played 
by the terminal velocity of transfer of the substance. An example is the system of 
automatic control of thickness of a sheet on a rolling mill, where the meter of 
thickness of the sheet 1 (Fig. 20la) and pressure device 2 are located a certain dis- 
tance L from each other, due to which with a terminal velocity v of motion of the 
rolled sheets there appears delay <« between influence of pressure device and meas- 
urement of its result by the sensor. Another characteristic case of the presence of 
constant time delay takes place in system of automatic control of concentration of 
solution by change of input of one of the components (Fig. 20lb). 

Furthermore, often it is convenient in 
studying mlticapacity industrial processes 


to replace the equation of motion of high 





order by equations of the first o> second 

order with constant delay. Finally, during 
investigation of control systems with very 
fast processes it is often necessary to ex- 


plain the influence of small constant delays 





of the order of 10-100 millisecond in the 
Fig. 201. Examples of sys- 


tems of automatic control 

with delay. a) control cir- 
cuit of thickness of sheet on 
rolling mill. l—meter of 
thickness of sheet, 2—pres- 
sure device; b) control cix- 
cuit of concentration of solu- 
tion; l—meter of concentration, 
2—regulating element. 


controller, or delay of such an order, to 
which it is possible to recuce small pare- 
meters of systen. 

The general range of constant delay, 


encountered in systems of automatic control, 





“See, for example, V. L. Lossiyevskiy [2]. 
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embraces intervals of time from 5 milliseconds to 100 minutes. However during sim- 
lation, apparently, it is possible to limit maximum delay to 5 minute, since with 
greater delays processes of adjustment proceed already so slow’, that the dynamics 
of equipment of adjustment, in essence, can be disregarded and one can conduct in- 
vestigation on 4n electronic model of the total system of differential equations of 
the system of automatic control in an unnatural tine scale. 

For reproduction of delay in electronic models there are applied special de- 
vices, named delay blocks. In ideal case the delay block should be characterized by 
the following dependence between input ¢,, and output ¢,., magnitudes: 

fous (4) = bag (t — 2), (11.21) 


where t = const is the constant delay. In operator form squation (11.21) will have 


the forr 


Cou (p) =e, (p). (11.22) 
Thus, output magnitude of delay block should copy accurately the input magnitude, 


but with a shift in time «. Transfer function of block should be 


Wipe ™. 





Fig. <02, Passive networks, utilized for obtaining delay. 
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orparison «f separate constructions of deaay blocks and their appraisal can he 
carried cut on the hasis of comparison of frequency responses. For an ideal delay 
block the pain-frequency response is (8 ,(ju)'=: 1. and the phase-frequency 15 7.-= wr. 
Known constructions of delay blocks can be divided into two proups depending unon how 
the given pain and prases frequency responses are realized. in devices of the first 
rproup the pain-frequency response is reproduced in principle accurately, and that of 
phase, appreximately; in devices of the second group, vice ve.sa, the phase response 
is reproduced in principle accurately, and gain, approximately. Among devices of the 
first tripe are, in particuli r, RC circuits of passive and active quadripcles, simu- 
lating long lines. In Fig. 202a is shown one circuit, consisting of passive RC 


networks, isolated from cne another by separating amplifiers (for example, cathcde 


followers), 


Transfer function cf each such network is 


i— RC, 
Wi (p)= T¥ Reo . (11.23) 


Transfer function of circuit of such identical sections will be 


a 
wi(o)= JI] W,(p) = (7-RC5) 


We will estimate error, introduced by replacement of W’,(p) by W:(p). This es- 


(11.24) 


timate can be made by comparison of frequency responses. For considered the bridge 


circuit we have: 


9, = — Qn arctg RCw, 
|, (Jo)| = 1. | (3.29) 
From this, considering 2nRC = ; and comparing with ideal values of |W,(/w)| and 7,. 
we will find error in phase response 
47 = — wr + 2n arctg - 
or when 5 < lapproximately ri 
be = SX. (11.26) 
Error in gain response is 
aM -=9. 
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when p:-+--2, x =— pl we obtain 


- oy, Tp? ~67p + 12 (11.28) 
CU EW W)= HF ety sit’ 


Conducting, as and before, comparison of the frequency response, received from 


(11.28) with tne ideal, we find that 


and |W Cjw)| = |W.) == 1, 


bp = — wt + 2 arcty Waa ' (11.29) 





where -—T. 

If we take maxima permissible error 17 = 4°, then from expression (11.29) it fol- 
lows that wrye,°° 2.3. Connection in series of identical cells with transfer function 
(11,28) leads to increase of permissible magnitude of w: 


av’ 
Jd 


10 





0 
5 wt 


Fig. 204. Dependence of error on -: for yar. 
ious types of sections. 
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morip. 20s is brought praph of dependence «f number «f sections noon we fer 
varions  4y. From expression (11.26) and praphs of Fip. 204, calculated cy tris 
expression, it follows that when the number cf cells n~- 6 and permissible crror 
4; 0.01 rdn maximum permissible value of (wt, = 2.5. If one were to limit rapnitude 
: of resistances R and capacitances ( of capacitors of the circuit to 1 mepohm and 
O.l wf, then maximum possible delay when n ~ 6 will be 

‘mar = 20 RC = 1,2 sec, 

nesides limited range of delay time application cf passive circuits also has 

the deficiency that it does not allow us continuously to change delay time and 


requires during its setting variations of parameters of every link. 





Fig. 203, Graph cf dependence of number of 
sections on .:. with given phase error, 
Application of active circuits has significant advantages in this respect. Let 
us consider one such circuit, reproducing the first two members of expansion of e* 


into a Pade fraction series (see 0. Perron [{1)): 


Me (4) 
am iim a, ta)’ (11.27) 


@ryrn 
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ra bie, 2a are sium comparetive curves of 4: - fiu-) with various n and 
Varicus types of sections.  olid lines are curves for sections with transfer func- 
tion of type (11.28), and dotted lines are for type (11.23). From the figure it 
follows that for values of 7. greater than 3, it is expedient tc change to devices 
of the second type. Transfer function (11.28) can be realized both by passive 
(Fig. 202b) and active quadripoles. Application of active quadripoles allows us 
to simplify setting of required parameters and removes difficulties, connected 


with necessity in case of passive quadripoles to have inductance with high quality. 





Fig. 205. Functional diagram of 
reproduction of delay. 


Of special interest is application for these purposes of operational amplifiers 
(C. D. Morrill [1]). In Fig. 205 are show two variants of such circuits. During 
composition of these circuits* it is more convenient to present the given transfer 


function (11.28) in the form 


12eF 
WO) = tory eet (11.30) 


The circuit shown in Fig. 205b is used when in the process of the experiment it is 
net required to change delay time. Amplifiers 1 and 3 here often can be taken from 


remaining set-up circuit, 30 that on creation of delay there is expended only one 





*According to methods of Ch. XII and Appendix I. 
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operational amplifier. Kelationships for determinetion of parameters of these cir- 
cuits are obtained for piven value of * by comparison of transfer functions «f these 
circuits with expression (i1.30). For the circuit of kip. 205@ we have: 
Ky=~. Ky= 4. KyKyky = 0 Ky Ky, ~ KyKy. 

Mapnitude * can be changed smoothly by setting voltape dividers and in stepie=by 
change of magnitudes of capacities of capacitors Cy and Co. With physically possible 
values of transmission coefficients Ki general range of time cf delay constitutes 
from 0.05 to 100 sec. In Fig. 206 are shown oscilloprams of work of circuit when 

t==01 and 0,90 sec. In initial period upon switching on the circuit there takes 


place the process of setting the voltage. ‘/nder conditions of modeling a CAP voltage 


at output of the delay olock will scarcely change by jump and therefore process of 


setting up practically will not effect accuracy of similating processes of control. If 


it is neceasary to increase accuracy of reproduction of delay and to expand range of 
permissible values of w:, it is possible to use, for example, the first six terms of 
series (11.27), as C. 2. Morrill recommends (1]. However for reproduction of such 


a transfer function there will be required 10 operational amplifiers. 





Fig. 206. Oscillograms of work of circuit of Fig. 


205. ty is setting up tine. 


A somewhat different approach to synthesis of transfer functions, with respect 
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tc .ccation of their poles and seroes, approximating the transfer function of the 
link with delay was developed by a. J. Cunningham (1). 
Among devices, reproducing in principle accurately phase-frequency responss and 
; approximately gain-frequency are, delay units, based on use of capacitors and mag- 
netic tape as memory units. Here the current values of the input megnitudes are con- 
tinuously stored in the memory and continuously are selected from it after a given time 


delay. 





Fig. 207. Fundamental circuit of delay block 
with storage capacitors. 

Principle of action of a device with remembering capacitors (V. V. Gurov [2)) 
consists of the following: for a definite, fairly small intervais of time output 
voltage of operations] amplifier 1 (Fig. 207), representing input magnitude of the 
delay block is stored by charging capacitors Cy» Co . «by charged brushes 4, Vri- 
tage cf these capacitors after a time, equal to the time .f delay, is transmitted by 
discharge brushes 5 to low-capacity capacitor Coe » in the feedback circuit of output 

* operational amplifier <. Use of operational amplifiers here ensures practically in- 
stantaneous charge cf capacitors Cys Co « « « to value of voltage ¢ Bs due to the low 
: value of the output impedance of amplifier 1. Discharge of capacitor C in the inter. 


val between two periods of charge, caused by external leaks Ry» will here be negli- 


wgregene cenit Hila able 


gible, since th- time constant of discharge is very great: 


¢ 


T= Ror + Ky). 
(11.31) 
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wrere *. is the arpiification factor of the operational avniifier with «pen nerat.ve 


feedback. 


45 the device, commutating capacitcrs (,, trere are used stencinyg se- 
a 


Nop tee 
lectcrs or special collector commutators. In case of application «f stenpinp selec~- 
ters the brush contacts move, out in case of collector commutators—cocilectors move 
with constant speea. 

Time delay - is set by change of angular velocity Q of rotation of motor 3 and 
anrle a between brushes: 

t=. (11.32) 

By force of finiteness of interval of time At between charge of two adjacent 
capacitors C; and C541 in such device there is stored and reproduced with shift not 
a continuous curve ¢,.(f) , but a stepned curve. This leads t« error both in ampli- 
tude, and in time of delay of output magnitude. Error in delay time here does not 
exceed magnitude yy and error in amplitude can be estimated by the evident rela- 


tionship 


pate Cox 1).3 
Mu = “Btu. (11.33) 


where yy =i » 0 is the number of storage capacitors, a; is the peneral angic, at 
which contacts of the commtator arw located. 
with the help of rel: ionships (11.32) and (11.33) when ¢,, = ¢ermas2O ft we find 
the emximum value cf relative error in the form 
Belang = 0: 
ale 


where 2... is minisum gap between brushes. 





dhen 3... 4 = 102, 


(3@)uga == 0. tes. (13.34) 


From (11.34) it follows that for obtaining maximum error (‘#),,,- 2°, magnitude (olen 


rust not be larger than 0.2. MSesides error, caused by stenness of curve of output 


voltage, such @ method cf reproduction of delay introduces error due to finiteness of 





"aeritude cf capacity cf capacitor eee sbsolute errcr can be estimated oy expres- 


e 
$4.07 
, e, de 
A F x a 
¢ Cpls a MM. 
. here ( is the capacity of the storage capacitor " 
‘ging the earlier derived relationship for 3, and considering Ce: ~* sma: I wl, 
Or, 3 . : : 
(2s ie we will seceive the maximum value of relative error in the form 
d sis Fixes 
' (GU Chnas UI C4 Ce win* (11.35) 


anen ws 20.2 AMG AU 4 -- 0.25% from (11.35) we obtain 
C26 

The fact that capacitor ©, during switching on cf storage copacitor is chraryed 
inaccurately up to vcltagete,,), ,.caused au‘ustment of the step-by-step variable signal 
not at once, mt after several cycles of charge of capacitor Coe This as 1t were in- 
troduces parasitic inertial delay in the system, ‘‘sually capacitors Cy and Cee for 
aecrease of leak are selected as type KPG cr HGs (with styroflex dielectric). 

an original method of loweriny error due tc step nature of the output voltapre 
curve was offerec in the wor of Ya. I. Grinva ana P. NK. Kopay-Gora [1]. This methou 
consists cf adcing to each step of curve ¢. «7, @ lineariy variable voltage. This 
voltare results fror. integration of difference of voltages on capacitors Coe! Ob« 
tained for tre duraticn of two adjacent intervals cf time t; and t,,): 


"ts ' 


t ’ MU, ., 
Use 7) Ura Uddt so. 
" 


In craer tc receive linear smoothing of th stepped curve, it is necessary, tht 


: Cy att.;) M., This is possible, if 7 3¢ In case of application of interrating 


operational ampiifier the given condition reduces to 
RC =. M. 


Thus, with correct selection of transmission factor of the integrating biock 


! 
RO 
surmation cf result of integration with current value of stepped cutput voltae fives 
output woita ye cf pilecewise-linear form. ve will estimate maximum value of reiative 


error with such approximation. On basis of previously derived relationship (o.-) 


- ¥%l- 





we have 


1 ¢ de, 
(ese )mas = v (38°)... Sv, 


after substituting of value Se when ts, = Cera Sul gong Bun = “ly we obtain an 


expression for relative error: 


(Be eunmer = ww (w:P. 


STON (eae t We the permiancthts weteo -f£ ot 54 Thus, vrner conuitions equal, in- 
troduction of piecewise-linear anproxination as compared with stepped pives an in- 
crease of mxinum permissible value of «: by an order. However error fror. inac- 
curate transmission of voltage to capacitor C remains. If one were tu select 

Ci. EC, then with preservation of low error 4U, it is possible to increase raximum 
pernissiole value of «: to 4. Fundamental circuit of delay block, using considered 
principle of smeothinr the stepped output voltage shown in Fig. 208 For prepara- 
tion of circuit at the end of interval of time st for forming the following linear 
aadition there is provided periodic discharge of capacitor C. By the given diagrar 
delay blicks are industrially produced in these block commutation of two groups of 


2€ capa.itors of type PGS of 0,1 microfarad is executed with the help of two stepping 


selectors (type ShI 25/8). Duration of interval can be fixed at 0.1 sec, 0.2 sec, 


0.5 sec, and 1 sec, time lag ;:—from 0.1 to 20 sec in steps. Accuracy of reproduc- 


tion of output voltage constitutes + 3% up to (wile. <5. 





Fig. 208 Fundamental circuit of delay block with 
storage capacitors in which there is provided linear 
smoothins. 
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With the necessity of carrying out constant delay greater than 50 sec it is 
expedient to use principle of magnetic recording. In Fig. 209 is presented block- 
diarram of such an instrument (V. A. Ivanov (1)). Input signal, variable with low 
frequency, is nodulated by Entrance signal variable with low frequency, is modulated 
in frequency by sweep oscillator of RC type. Magnitude of input signal can take val- 
ue of + € v3 here the voltage frequency of oscilintor changes linearly from 500 to 
900 cps. Voltare of renerator proceeds through power amplifier to rece -ding head in 
which there is set the maximum value of amplitude of magnetizing field. The signal 
thus recorded on the magnetic tape, passing through a special device of "infinite 
cassette" type, induces in the head of reproduction with delay time a voltage, which 


moves to the input of the amplifier. Infinite cassette can contain from 0.5 to 250 m. 





Fig. 209. Fundamental circuit of delay block 

with application of magnetic recording. 

l—output device, 2—pulse counter, 3—ampli- 

fier with limitation, 4—-infinite cassette, 

5—speed setting, O—stabilized rectifier, 
7—high-frequency oscillator, 8—motor, 9— 

reductor, 10—generator of control pulses, 

ll—power amplifier, 12—leading shaft, 13— 
reproduction head, li—erasing head, 15<= ‘ 
recording head, 16—tachogenerator. 


At the output of the amplifier-limiter we obtain a variable rectangular voltage 
tension variable in frequency, whose amplitude strictly is calibrated and does not 
depend on magnitude of emf induced in. the reproduction head. After the amplifier- 


limiter the recéived square voltage pulses pass through a pulse counter, at whose 
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output there is connected a capacitor, so that voltage on this capacitor is propor- 
tional to the number of pulses per unit time, i.e., frequency of recorded voltage or 
magnitude of input signal. 

In Fig. 210a is brought the general form of delay block with application of 
magnetic recording as made by Academy of Sciences of USSR. In this block the belt~ 
drive mechanism is moved by a d-c motor of type S122]. Speed of rotation changes by 
a change of excitation current. Fixed speed is kept constant by ‘ system of auto- 

matic ed natant of speed. The delay block allows us to receive a delay time from 





0.5 to 20 minute, and this range is covered smoothly. Magnitude of delay time is 
sustained with great stability (error near 0.1%). Error of reproduction of input 
signal does not exceed 1.5%. Maximum frequency of reproduced signals is 2-5 cps. 
In Fig. 210 (b, c, d) are brought several characteristic oscillograms, illustrating 
work of described delay block. On a delay block, made on magnetic drums, see also 
for K. W. Goff (2). 

In Table IX are compared main technical characteristics of separate types of 
delay block. 


Table IX 












Error, 
phase, re- 
lated to 
(~t)max = 3 
Error, am= 
plitude, re- 
lated to 
Cary = 100 V 
when “a. =! 











Block with applica- 
tion of storage ca- 
pacitors and linear 
smoothing 










Block with use of 
magnetic recording 








q ‘ A 4 
v 


c) ten oon pd ik 
i f “The 
sy 2 . ;: 


we ee 
ee 


w- —~ gee 
Fig. 210. a) general form of work of delay block with 
application of magnetic recording; b,c,d) oscillograms 
of shift with respect to time of rectangular, sinusoi- 
dsl and aperiodic processes: 
lewinitial process, 2-—-delayed process. 

If one were to consider that in systems of automatic control in practice “<x, 
then from the data brought in the table it follows that with small time lags one can 
successfully use a circuit with operational ampiifiers, and with large onesa—delay 
blocks, based on magnetic recording. Delay blocks with storage capacitors as com- 


pared with circuits of amplifiers, other conditions being equai, are significantly 
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more complicated, more expensive anc less reliable. 


5. simulation of systems of Automatic Control with Interferences 

For a number of contemporary systems of automatic control (system of automatic 
racking of radar stations, etc.) of large significance is calculation of influence 
of interferences, penetrating the system simultaneously with useful signal. Prob~ 
lem of simulating of such CAP can be formulated in two ways. In one case the prob- 
men is posed of more precise definition of parameters of system taking into account 
influence of interferences, introduced to model by reproduction of recordings of 
change of input signal, received by full-scale tests. In the other case there is 
studied influence on the process of adjustment of change of main statistical char- 
acteristics of interferences by addition to input signal of signal of interferences, 
produced by special generator with predetermined statistical characteristics. The 
last formulation of the problem usually occurs in the first stages of creation of 
the CAP, when it is possible to express only highly tentative assumptions about 
statistical characteristics of input signal. 

with recordings of change of input signal, recieved in real conditions, repro- 
ducticn is carried out variously depending upon nature of carrier of this recording. 
With use cf magnetic recording one can successfully apply the delay block, described 
in the preceding section. With the help of this block it is possible to carry out 
both recording and reproduction of input signals. During reproduction of noises, 
registered on the tape, there is used a servo electronic-optical system,in many 
respects reminiscent of the cathode-ray functional generators considered in Chapter 
VII. Signal, controlling the position of the spot on the edge of the oscillogram 
during its movement before the screen of the cathode-ray tube, is used as the output 
signal of noises. 

For generating noises in radio engineering they use ordinary electron tubes 
(most frequently diodes), fluctuations of whose current are anplified by mltistage 
broad-band amplifiers. However for modeling CAP these generators are of little use, 


since during creation of noises in a narrow band of low frequencies (from 1 cps and 
lower) with power of the order of O.l-l w requires very great amplification. Re- 
placement of vacuum tube by a gas-discharge tube (for example, thyratron) removes 
only partly the need to ampli‘y the sigral. For generating noises in the band of 
frequencies below 1 cps large advantages pertain to application of a ball generatcr 
(A. M. Petrovskiy [1], [2]) and a generator, made of voltage dividers (C. A. Wass 
(1)). 

As can be seen from Fig. 211, he primary source of noises in a ball generator is 
a drum, filled with steel balls. Axis and lateral surface of drum are made of con- 
ducting, and the face covers are made from insulating msterial. To the axis and 
lateral surface of drum by slide contacts is applied a constant voltage. The drum 
is rotated by in electric motor through reductor with variable transmission ratio. 
pon rotation of the drum the balls poured inside it create irregular contact be- 
tween the wall of the drum and the axis, thanks to which current in the feed cir- 
cuits continuously changes. The emf of interference is taken from a resistor, in- 
cluded in the feed circuit. As was shown in the work of A. M. Petrovskiy, in regions 
of low frequencies i» < NF) the spectrum of frequencies of generated noises is prac- 


tically uniform: 


S(e) = 2EY “—F (11.36) 


where Su) is the spectral density, &, is voltage of power source of drum with 
balls, Y is mean value of cylinder-axis conductance, N is the number of balls in 
the cylinder, F is angular velocity o. rotation of drum in deg/sec. 

Amplitude of output signal of such generator is subject to normal distributive 
law, since the instantaneous value of conductance Y, is a function of a large num 
ber of independent random variables, 

Numbe> of balis in drum should be sufficiently great to ensure free fall of sep- 


arate balls and sharp changes of conductance of drum. It has been practically fixed 
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Fig. 211. Fundamental circuit of ball generator of noises. 

KEY: (a) Reductor; (b) Output; (c) Rectifier. 
that balls must occupy approximately half of the volume of the drum (N = 50 to 2U0). 
i with decrease of angular velocity of rotation of drum power of noises in the fre- 
quency band, where Siw) is constant, increases, however simultaneously there occurs 
narrowing of this band of frequencies, Narrowing of band of uniform spectrum of 
generated frequencies also results from application of limiters of amplituae at out- 
put of generator. With necessity of conversion of spectrum of frequencies of gener- 
ated noises at output of generator there can be connected the corresponding filter. 
| igually the drum is fitted with balls of close diameters (from ().5 to 4 mm); with 
filling by balls of strongly differing diameters fall of separate balls during ro- 
i tation of the drum no longer is free, since one ball of large diameter draws after 
: it a group of smaller ones. In this case fall of separate groups will be free which 
leads to appearance in output voltage of separate splashes. The latter can de suc- 
cessfully used in a nunber of cases of simulation. 

Principle of construction of generator of fluctuating emf with use of switchable 

potentiometers is illustrated by the diagram of Fig. 212. Potentiometers will forr. 
&@ rectangular grid. Cursors of potentiometers, located in every vertical column, 


are joined to @ coamon terminal U//,. U/,. .. Ul,. ani these are joined to output 








Fig. 212. Principle of construction of 
generator of fluctuating emf with use of 
switchable potentiometers. 

KEY: (a) Control unit; (b) Output. 


through contacts of relays P,.P,.....P, Relays are controlled from cyclical elec- 
tronic meter through commutator. Distribution of amplitudes of output voltage 

is given by setting of cursors of potentiometers on the basis of experimental data 
or given characteristics of random process, Feed moves to potentiometers with the 
help of two switches /7, and /7,. Strictly speaking, output voltage of such inetru- 
ment cannot be called random. Possibility of repetition of signal from such penere- 
tor is @ known convenience, since it reduces the number of required solutions on 
models. | 


Se ee 
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INVeSTIGATION OF DYNAMICS OF AUTOMATIC SYSTrMS WITH 
RATIONAL FRACTIONAL TRANSF2:R FUNCTIONS 
In investigation of systems of automatic adjustment and control by electronic 
anslog computers there often is the necessity of reproduction of rations: fractional 


transfer functions of form 


W (5) Oe + hm! t...4bp+s, 
OH + eat. Pep tee” (12.1) 








where m <A; by. be 1... 9). by and a: Ge. Gy.9--.. @, are given constant coefficients, 


and p is a complex variable, 

To such transfer functions leads, for example, approxizste presentation of delay 
by Pade series, synthesis of correcting circuits, and also a number of problems of 
statistical dynanics of automatic control systems. 

Application differentiators in setup circuits of these transfer functions is ex- 
cluded due to sharp amplification of interferences, always attending cutput sipnal 


of operational amplifier; presentation of the right side as a given function of tire 


ahah ate ee EOE 


is possible only in 4 very limited number of cases, when beforehand we know the 
law of change of input signal. 


From literature ‘A. K. Gamulich (1], DB. Michel (1), J. H. Laning and 
R. He Battin (1), ©. L. Johnson(1)) we know various methods of reproduction of these 


transfer functions with application of only integrators and surmers. These methods 
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can be reduced to four main ones: 

1) direct integration; 

2) decomposition of transfer function into partial fractiors (method of trans- 
formation of structures); 

3) expansion inte first order equations; 

4) combining derivatives. 

These methods in literature were not compared and certain of them were mentioned 
only casually. Of interest also is establishment of the possibility of their prop- 
agation when coefficents of initial differential equations for (12.1) are given 


functions of tine. 


l. Method of Direct Integration 


Let system of automatic control be descrised by equation of form 


oy" +a," "+... +ay"+ay = 
= bx + bg ee ... Ol 4 bx (a> mM). 


It is required to find y(t) for given constant coefficients ay, dy G = 1,2, 
« + « « » NM) and perturbation x, whosu dependence on time is not given beforehand. 
For finding rules of composition of the functional diagrams we solve the initial 
equation for highest order derivative yy), ifn em, or when n =m for the difference 
of highest order derivatives: 


es (a, yt — Oy. 4x"* Ny 


ay" — O83 
—( (a yy rw O,..4" ry — wen —(a,y" — Oa") — (@uy -- b,x). 


Introducing the symbolic designation of operation of integration f dt = b 


p? 
eae i 
J J dt dt = oe , etc., we wil) receive 
\ ’ . 
@.y - Or 5 - pita we Maat) oa gp? (40-27 ~ a -2*) Se gs 
' 
- sar (ey — he) a (ay — Ox). (12.2) 


In order to preserve during set up initial values of coefficients &> be we 





tee cin BS 
eas s9 





oe 


add to the heft and ripht sides of expression (12.2?) the terr —(a,—l)y"). Asa 


result we receive 


1 ( 
Vee p ta, Vv hoi) ti pr ta Rs ia) 
I Ege 
gee AD tay Bag Bye tay Wy eae 


rxpression (12.3) allows us directly to constitute functional setuy diagram. 
Traueed, we desirnate in (12,3) the sum of terms, containine sirbols ¢f operation -f 


interration by a new variable z,, then we will receive equation 


}? 
Ysa +x —(u, - Ny. (eed) 
For further construction ci the diaprar. we determine the value of the aerivative -f 


D2Z,8 


{ 
1 pz, Mg bg 1k) - Flay Ay gh Sty 
| t 
aa pala oo b,x) pte p" -6 (ay = Aix). 
Introducing desirnation 
‘ 1 
Fa — 5 (Ga -2¥ — baat) — 0 — Sag uy — Bay — 


' 
we receive ~ peat (ayy — b,x), 


pr, = — (a, y— bg. x) + 2; 
“entinuine siv-ilar transformations, we wili ccre to the peneralizec expression 
2, = —(a,_ py — 0, gxdtea,,, (R= 1.2...., 01.25, 229, (12.5) 

vquations (J2.4) and (12.5) lead directly to the setup diarrez shown in Fir. 
213. ‘The total peneral munber of required blocks when r --n here isn: 3, when 
7 > n, obviously, it is nessidle to do withcut the cutout adder, and then nurber 
cf blocks will be n+ 2, Tie set up diarrar for that case cer#s autormtically from 
“he one in Fig. 213 rejecting of all n —r— 1 couplings, which feed input signal x 


forward. kere naturally, there is the nossibility to extract from the diarrar ae- 


rivativee of output coordinat + of order above n —m-— i, J. Matyas (1) firs: 





Slt is necessary to turn attention to the fact that thic methcd is useful to 
appl: with sufficientl: carge .,:0 Otherwise one shculd preliminarily divide 
(1lz.2) by a. 

- "n 
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Fig. 225. Setup diagram of differential ecuation 

of n-th order by method of direct ‘ntegration. 

KEY: (a) Odd; (b) Even, 
indicated this possibility and formulated rules of composition of diagram for that 
particular case, 


Initial conditions for integrators 1, 2 and n can be calculated by the given 


relaticnships for 2, and 2, by generalized formla 
< i- 
2,(0) = 84.) Sile,.,¥ 0) — b,, xt 8 (OD). (12.6) 


where j)=nmk, i1=#=1,2,3,... 

Main advantage of considered method is that setup is carried out with respect | 
initial coefficients, and calculation of initial conditions ia executed comparetiveiy 
simply. 


2, Decompogition of Transfer Function 
into Partial Fractions 


This rethod is based on the fact that any transfer function W(p), where p is 
@ complex variable, can be considered as a transfer function of a certain one-cir- 
cult system with negative feedback, which in the direct channel hes transfir func- 
tion #,(p),and in feedback circuits W2(p). On functions W, and W, are placed con- 
ditions, according to which the numerator of tne first does not contain terms with 
Pp, and the numerator of the second can have a polynomial of p with degree, one 


smaller than the polyncetal in the mumerator of W(p). 
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Indeed, let 


R (>) W (7) 


a’ SER oie Rie a ei i ge Sas, of wat wae 
vee Pips) 1+ Wy (py WW, (p)- (i2.7) 





a= Functional diarram of connection of Wy {p) and ap) is showr 
a 1 # es 


in Fiz. 214. Let 
ic. 2la. “quive 


alent clesed cir- Woy TO ae a PY OP (22,2) 
cuit of eonnection zip)—wlp) Vp) 2(P) y(P) V:¢P)- 
wy (P) and Wo(n), we will find condition, which must be satisfied b: .,(p}. 


Qo(p) ana Q, (>), so that equality (12.7) is correct: 


> 
RO Geo! 
P(p) G17) Q.0P) - GCP)’ 
wrence 
= yi i. PX = i > . 
Rip) = Q, ip) iP) = Q,1p)Q:(p) + Q;(p) (12,10) 


From condition .12,10} it follows that the degree of polynomial psP) should te 
equal to the difference of deprees cf polynomials P(p) and R(p), anc from (12.8) and 
(12.9)—-the degree of a polynomial <3 (Pp) shoule be one less than the depree of poly- 
nordal R(p). sine these peculiarities, it is possible tc write the general form of 


pelynorials . p) and 43 (Pp): 


a-m m-1 
Q(P= She Qipr= Samp! (12.11) 


=U 
whet: ai anu m, are constants to be determined, 
Fox example, let R(p) = by + byp + bap + b3P’, and P(p) = a, + ayp + asp > ap. 


Tnen by (12.11) we cbtain: 
Qi(P) = 4. Qy(p) = by -+ 6, (p) + b,p? +- bap", 
Q;(p) = m+ m pt mp. 
To determine lo» Mo, M,, and m, we substitute the found values of q), <2 ans <3 


in (12.10). As a result we receive 


ay + 3\p+0,p +p) = bypyp* + (lyby + 8) p? (gd, +m) Pt+lyby t+ my, 


whence the songht for coefficients will be: 
& 6 6 
b=30 my =a,— FF. mM, =0,— 4. m,=a,— 4). 
inus, 
y Si ae = Me + iP + map! 
Wy (p) = i,’ V,(P) = 6+ b,P + bsp? + bsp” 
“(p) in turn can be presented 
Ww, Cp) 


W,(P) = TWP) Wn)’ 
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where i —. Ww (p) = Ce: +as 
mtep | ae M+ mpt mp 


For determination of unknown coefficients we will use on the basis of (12.10) 


V,,(p) = 











the relationship 


b,+6.0+5,7 + Op? == (4, + 4p) (m, + mp 4- Hp (Cyr Cp). 


Equating coefficients, we receive: 


; ' , om, mm, 
fy = by (4, — 0, = 1). este a ate =)I. 
b, eee o 
4, mW eke : a, = 7 . 
We wili decompose Woo(p) into lass componen “.s: 


1+ nt at mit P) = ye oe 





Wi py — 





Bn p) fc = a - 


Coefficients r and 4 we will determine from relationship 
mi mp — my pt = 
= (4, > Gy PICy + OP) + Fo. 


whence m 1 


ef) 
agate = (m,— c, m:) a 
ty =m, — (m, —m,— 2); o: 
Thus, the problem was reduced to setup of the tollowing system of equations: 
y = h (x me u). 


(a, 7 8 pya=y— 4. 
(y+ 1:P) My = 8 — Ke 
(Cg + CP) By = My. 

Functional and setup diagrams, corresponding to this system of equations, are 
shown in Figs, 215 and 216, Initial conditions with respect to new variables u, Ups 
and u, can be found by the given initial conditions by the above mentioned system 
of equations. 

As follows from Fig. 216, such a method of setup requires a iarge number of in- 
verters as compared to method of direct integration. Furthermore, it is neces:ary 
to expend comparatively greater time on calculation of coefficients of transformed 


equations. 





Fip. 215. Functional die - 
pram, explaining method of 
decomposition of transfer 
function into partial frac- 
tions. 





Fig. 216. Setup diagram, using method of decompo- 
sition of transfer function into partial fractions. 


. “xpansion of Initial Inhomoreneous neth 


“quation into a System of n Inhomogeneous 
First Order Equations 








This expansion is not unique, however the best result is yielded by the method, 
described by J. H. Laning and R. H. Battin [1], according to which a linear 


differential equation with constant coefficients 
ay -@ any + a dy -+ @ y = 
ie eee Ege (12,12) 
de a*-'y d"¢ 
= vt + Oy + vee TO aT Ft Oe ae 


can be presented in the form of a system of linear first order differential equa- 


tions: 


a — eer ER poems 


“a + B_.\* 
kek Be OE Be (12.13) 
Set = Ya te 

ts =~ Oy-1¥a ~ Fa Vag ay, — 4, 4 3,,X. 


Indeed, excluding y), Yo, + + + + » Yp, from the last equation of system (12.13), 


we arrive at an equation of the form 


d*y , a*-'y dy. ng aax 
gin Cet Gey Fo FO Gy TON 88 Ge T 
dts | , dt 
+(3q 4 Fn Fe) “ae tine TO Og QT ee G3 a) + (12.1) 
Ht (Ay Gey Feet gy) x, 


So that equations (12.13) and (12.14) were identical, it. is necessary, that 


values of new coefficients 2, satisfy the following equalities: 


by = % + 2,4,-, + 2,8, gt Aq (8, > 2,8, 

b, = My De aed Hg 182 Tt AQ, | 

b= adr ... 8g (8,4 2,4, (12.15) 
b,.: = Myles 2,4, 4 

6, = ale 


The functional circuit is constructed for system of equations (12.13) in the 


form shown in Fig. 217. The total mumber of required blocks is n+ 3, Coefficients 


2. 2,..... 2, easily are calculated on the basis of (12.15) by consecutive substi- 


tution of values 2, starting with «,=6,. Initial conditions with respect to new 


variables . y)..... y, are determined by system of equations (12.13) by given 


yO, yO)... PCO) and =F C0), (0), (0). 
As an example let us consider reproduction of transfer function 
. pst t 
WV (p)= Pi seit ’ 
approximating transfer function of a delay link e¢-" by a Pade series where». - 2. 
Here a =2. a, -- a a,=4, a,=1, m=. 6, =- —- 2 =. 


Equivalent system of equations on basis of (12.13) will be written in the form 


(zero initial conditions are assumed) 





al Ny 
dt 


. dy 
= Yr GaN, PW ee 4X. yo - yy t 3X, 


gop 


é 


where vy corresponds to output sipnal ¢,,,. and x to input ¢,,. Coefficients 2,. z, 
and 3; on tasis of precedin; will be 


a,2h, 1 ay eb) - ay ce Le 3, 


Setup diagram is shown in Fig. a. 





Fig. 217. Setup diagram of n-th order differential 
: equation, composed by metnod of expansion of initial 
i inhomogeneous equation into n inhomogeneous first 
order differential equations. 


Pn ley 


4. Methcd of Combining Derivatives 
we divide initial equation (12.12) in two, introducing new variable 


sex = (12.16) 


+ @e-, Tie TOP tay 





As @ result we obtain 
i d*a at's a 
9 =O te then Gat to the + be. (12.17) 


“xpression (12,16) can be rewritten in differential form: 


a an-i 
Sa tees te +0 aw =e. (12.18) 


“cr composition of functional setup diarram it is necessary at first to ‘setup’ 

ejuation (12,18) by method of lowering the order of the derivative, and then form 

the sought for variable y in the form of the sum of derivatives of u with corres- 

ponding, coefficients. Values of derivatives > are obtained direcily fror 

correspondine outputs of integrators during esieion of equation (12.18). Certain 

simpiification of the setup circuit can result if in equation (12.17) we exclude 
~398- 
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Fig. 218. Diagram of setup of differential 
equation, composed by method of combining 
derivatives. 


oa by substitution of its value from equation (12.18). As a result we pass to 


equations 
2 4 


d‘s 
4-177 7 


‘s . ds 
= -... tO, -- +e s. 
ar’ de ‘at “ 
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+(— 0,4, + d,)0 + b,x. 

The functional setup diagram by these equations for m =n = 3 is shown in 
Fig. 218. In general for setup it is necessary to have n + 3 computing blocks. 
For determination of coefficients during setup there is not requires fulfillment of 
labor-comsuming calcu-ations. 

Me ° of D 
with Variable Coefficients 

Methods of simulation of differential equations with variable coefficients are 
considered sufficiently enough by J. H. Laning and R. H. Battin (1) and J. 
Matyas (3). Therefore we will limit ourselves here only to brief remarks. 

Composition of functional setup diagram in case of solution of equation (12.12) 


with coefficients variable in time can be done by direct integration or method of 
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4 
transition to an equivalent system of first order differential equations.* Main 2 
r 
: 


? 


distinction of these methods consists in method of determination of new variable co- 
efficients for equations to be set up. Indeed, for setup by method of direct inte- 


pration we replace equation (12,12) by equivalent equation 


’ 


a 

Vv ! " Vv ! wn : 
a! We tayy. bac ue! lw . 
ra vt =| ae : ( 19) ” 


‘ , 
where y,x are the same variable as in (12.12) and 2,10, 3,10) are new functions of time... 


@ 


Using properties of ad‘oint linear operators, Matyas [3] showed that new var- 4 
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iable coefficient= should be coupling with the following old relationships: 
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Functional setup diagram of equation (12.19) is obreined by method, mentioned } 
above for differential equation (12.12) with constant coefficients with only this 4 
difference, that in corressonding places there are connected dividers of variable i 
coefficients for setting 5, _,(¢) and a,., 00. 

Transition to an equivalent system of first order differential equations is cxe 
cuted ‘ust as in the case of constant coefficients, but now new coefficients 
2,2, yt... ate must be considered certain functions of time, Tetermination cf } 
these functions of tine by initial variable coefficients can be aone on the basis 


ef the work cf J. He Laning and R, H. Battin [1] by recurrence formla: 
@, () ae B, (0). 
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Fror comparison of the two considered methods it follows that transition to 





equivalent syster. of first order differential equations requires fulfillment of less 





Methods of decomposition of transfer function into partial fractions and com 
bining of derivatives turn out to be invalid, since they lead to change of places 
of aifferential operators which is ispermissible with wariable coefficients, 
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calculating work, since in setup there participate all initial variable coefficients 

u,itv in unconverted form. During solution of the problem by the method of direct 
integration it is necessary anew to calculate all variable coefficients in the 
equations to be set up. 

Comparison of considered methods of simmlation of a rational fractional transfer 
functions allows us to draw the following conclusions: 

1. Reproduction of rational fractional transfer functions and initial differ- 
ential equations for them with the help of electronic models without differentiating 
elements is possible to carry out by several methods. With non-zero initial con- 
ditions there mst also be known values of perturbation and its n — 1] derivatives 
at the initial moment of time. 

2. Minismun munber of operational amplifiers in functional setup cireuit in 
general case constitutes n + 3, where n is the order of setup differential equation 
and does not depend on method of setup. An exception is the method of decomposition 
of transfer function into partial fractions, leading to functional circuits with a 
large number of operational amplifiers. 

3. Simplest from the viewpoint of volume of required preparatory work is 
method of combining derivatives. This method is applicable only in problems wit. 


constant coefficients. 


4. During resolution of problems with variable coefficients one should give 


preference to method of transition to equivalent system of first order differential 
equations, requiring @ minizem of auxiliary calculations, 





CHAPTER XIII 
SIMULATION OF NONLINEAR SYSTEMS OF AUTOMATIC CONTROL. 


Necessity of solution of nonlinear problem appears every time it is necessary 
to consider behavior of system of automatic control with output beyond the limits 
of small delfections of regulated magnitude, to coneider limited power of odject 
and actuating mechanian of regulator, limitation of certain coordinates of systen, 
and also a number of pecularities, accompanying physical realisation of systen 
(ary friction, sone of insensitivity, gap in tranemissions, etc.). Often nonlinear 
connections are introduced in system to achieve optimm processes of adjustaent. 

In all enumerated cases it is necessary not only to develop stability, but 
also to select structure and paremeters of systems, eneuring given charecter of 
flow of process of adjustaent for all possible perturbations in systen. 

To avoid errore® during simulation of nonlinear ACS one should turn special 
attention to correctnese of recording of differential equations. In connection with 
this it ie expedient to distinguish reproduction of nonlinear dependences in 
electronic and inertial elements of controi systems. As we already mentioned in 
Chapter V nonlinearities, met in ayetems of automatic control, can be divided into 
typical ones, those leading to elementary functions (sin x, coe x, xy, x/y, etc.), 





*Besides euthor theese seme errors were indicated by ©. I. Monastyrehin [)) 
who offered to replace verbal axtensian of definition and graphs by introduction 
of functions sign. 
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If for simlation of arbitrary nonlinearities and nonlinearities which lead 
to elementary functions, we need special nonlinear blocks (See Chapter V, VI, VII 
and VIII), then during simulation of typical nonlinearities we can use operational 
amplifiers in combination with diode limiters or electromchanical relays. 

Typical nonlinearities are what we usually call nonlinearities, connected with 
intermittent changes of tranmaission factor of separate sections, appearing at ome 
or another value of input or output magnitude. Such intermittent change of transe- 
mission factor usually results fram presence of sone of insensitivity, dry friction, 
gspe in tranemissions, relay characteristics, limitation of coordinates, speeds and 
accelerations in nodulus, loop hysteresis in elements of regulator and controlled 


process*, 


1. Simlstion of Syeten of seat Automate Conrad ith Typical, uonlinesr 
steristics in 

Ligitetion of coordinates in modulus. In real aystems of automatic control 
for constructive considerations and due to power limitations usually the range of 
change of coordinates is limited. 

During simulation of such aystems of electranic integrator it is necessary that 
output voltage of one or ancther operational amplifier, representing the coordinate 
interesting us, after reaching a certain predeternzined vaiue does not change further. 
This can be realised by connecting a dicde limiter in the feedback circuit or at 
tne output of operational amplifier. In Fig. 219% is depicted one possible sche 
of connecting a diode limiter in feedback circuit of operational amplifier. At low 
values of input voltage dicdes 0; and Zo are locked by voltage + E and —E fron 
outside source and operational amplifier when R, = R, has transmission factor K = 1. 


erence 


*westions of simlating typical nmlinearities already were touched upon in 
in literature by various authors (See T. NM. Sokolov [1), A. A. Feldbaua (3), C. D. 
Morrill and R. F. Seua (2), 3. Ya. Kogan (4), C. A. Meneley (1) and others). 





when under the influence of increasing input voltage, output voltage attains absolute 
magnitude value E, one diode will unlock, and now transmission factor of amplifier 
will ve 

(: + pat per $ vy 


Rir(ts a Joe, 


F--fet ig 


s Rk, 
x K, 


7 (13.1) 


when R) = R, = 1 megoha, Fr, = 500 aa, Fo ™ 5000 om, r= 33 kilohm, r,.= 10 kilohn, 
we will take k= "= 5,65 «10 “J, 

It 18 obvious that with such a amall tranamission factor of block it is posible 
with accuracy sufficient for practice to consider magnitude on its output constant 
during change of input magnitude. 

Changing magnitude of resistance Ro, it is possible to affect steepness of change 
of output voltage of block in the interval between the boundaries of limitation. 
Especially important is the case where R, -».°, Here, by in force of the very larg» 
gain factor of amplifier it is possible to consider that output voltage reaches its 
limit with the slightest change of input voltage (Mig. 219¢). Such a block repro- 
duces s-form nonlinear characteristics. 





Pig. 219. Operational amplifier with diode 
limiter in feedback circuit. 


Diagram of connection of limiter to output of operational amplifier (See 8. I. 
Medkeff and R. I. Parent (1]) is show in Fig. 2208. At low output voltage of 
block ¢:,, dicdes -/,. 2;.-1, and -1, pass current, and difference of potentials 
between points a and b is equal to sero. Therefore. =e .. . Depending 


wt 


upon magnitude of E and r for definite value of eu. — tensa of g 7), diodes 


sa 
-, and then -7, lock, and when ¢),. 9 diodes 7. anu .1,, lock, as a result 
of which voltage on output resistor with fir.vher increase of «;,, remains unchanged 
and equal to i.,“=:.. Such liniter as compared with considered on has only the 
advantage that it gives more accurate cutoff of output voltage. However, it has 


significantly higher output impedance, increasing with growth of voltage of linita- 


tion, and it requires twice the number of diodes. 





Acourate setting of voltage of limitation is also given by the circuit of a 
tricde limiter (Fig. 2206), connected in the feedback circuit of the operational 
Smplifier. Here triodes in zone of linear change of output voltage remain locked 
due to negative voltage between grid and cathode. 

Slope of characteristic of circuit when diodes are conducting turns cut to bs 


smaller than for diodes due to removal of resistance of divisor Py and decrease of 






internal resistance of triode with sero grid potential. ‘ 
Reprodution of sone of insensitivity. If diode limiter, depicted in Fig. 
} 
' 
2l3a, is connected ir series with input impedance of operational amplifier, then 
transmission factor of such bicck will change just as transmission factor of the : 
section possessing sone of insensitivity changes (Fig. 2lla). Combination of two , 
Ciode limiter, one, in series with input imp-dance and the other, pesallel to feed- ‘ 
back impedance of operational amplifier, allows us to reproducs static character- : 
istics <f a eecticn of a system of automatic control, poysessing sones of insensi- 
t 
tivity with simultaneous limitation of output magnitude in modulus. 
h 
k 
*. 
ne 
a cewont./ WODn eRe . 
ars eefte r Heras ¥. 
R 
Fig. 221, Scheme for simulating a sone of 
insensitivity. f; 
If in scheme of Fig. 22] we change magnitude of resiotance Ri, then it is 
possible to change steepness of voltage build-up at output and when R, —~+- Owe 
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can get practicully instantaneous Wuild-up. With limitation of output voltage of 
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subsequent block in Fig. 209a or the very same block in Fig. 220 it is possible to 
reproduce characteristic of a relay with restoration coefficient, equal to one 
(Fig. 221b). 

Simulation of transmission gaps. For reproduction of static characteristics of 
a section. containing a gap in kinematic circuit, there should be routed components, 
reproducing the arsa of insensitivity, and also devices keeping constant the value 
of output coordinate with chgnge of directicn of motion of driving component until 
the whole gap of the kinematic circuit is taken out. Upon such consideration they 
usually assume that the driven component dows not posavas a moment cf inertia, dut, 
ig under influence of smell moment of griction, as a consequence of which it keeps 


te positicn, antedating change of direction of motion of master component. 





Fig. 222. Simulating gapa in transmissions, _ ey 
In the schem of Fig. 2222 as the memory component there is used an operational 
amplifier with capacitor in feedback circuits end at input. Transmission of such ah 


decisive amplifier will be: 


€, 
noe ees (13.2) 
When we disconnect the input circuit output voltage keeps its previous value 
thanks to very slow discharge of capacitor Co. Capacitor CG) with accuracy up to 
e; always is charged to voltage ¢ .,—+ and therefore automatically, ensures 
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secondary switching on of circuit with decrease of input voltage by a magnitude, 
equal to2, . 

Scheme of Fig. 222b is built on principle of servo systen. Input magnitude 
here is compared with output on first operational amplifier, In the strengthening 
errors amplification channel are connected in series a diode limiter, switching on 
the circuit only when input magnitude exceeds output by magnitude t * , and an 
integrating operational amplifier with a large amplification factor, at whose out- 
put voltage is preserved during breaking of the channel of error amplification by 
diode limiter. In nuaber of operational amplifiers the diagram of Fig. 22a is more 
economical. To decrease error of first diagram due to reaistance, introduced by 
diode limiter to input of first operational amplifier, one should decrease capaci- 
tance of capacitors utilised in this circuit. 

With help of these diagrams it is possible also approximately to reproduce 
characteristics of steady-state mode of a section, possessing magnetic hysteresis.* 
Simulation of static relay characteristics. A scheme for reproduction of 

static relay characteristics taking inot account restoration coefficient shown in 
Fig. 2238 (B. Ya. Kogan [4)). it consists of two operational amplifiers 1 and 2 
with limiters in feedback circuit, changing like relays output voltage with change 
of sign of input voltage, and one suming amplifier 3. In absence of input signal 
due to constant voltages +Up and ~Up fed to inputs of amplifiers 1 and 2, on cutput 
of summing amplifier voltage turns out to be equal to sero. When with growth of 
input voltage polarity of total voltage changes, for example at input of amplifier 
1, then on output of sumaing amplifier 3 there will appear with a jump voltage 2:. 
Part of thie voltage, taken from the divider, moves in the form of positive feed- 


back to input of amplifiers 1 and 2. Therefore, with decrease of input signal 
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*For scheme of modeling of family of static hysteresis locpe see article of 
V. G. Vasil'yev, V. A. 2verev (1). 





Fig. 223. Schemes for simulating static relay 
characteristics. 


change of sign of output voltage of amplifier 1 occurs now with a value of e, = Uo» 
but with a value of e,, = Ug-U,- The lower part of the scheme works analogously 
with opposite on input signal. 

On oscillograms of Fig. <24a are show dependences of eg... one,, , received 
with the help of considered scheme for various values of Up, E and U, . In Fig. 
223b is presented a diagram of modeling of static relay characteristics on two 
operationa, amplifiers, offered by A. I. Manukhin [1]. Reduction of number of 
operational amplifiers here is attained by limitation of possibilities of the cir- 
cuit. U, here can change from 0 to 4 v, J from 0 to 6 v and 2E from 24 to 100 v. 

Combination of a relay element and memory unit in the form of integrating 
amplifier in a circuit with negative feedback (C. A. Meneley [1)) allows us to 


reproduce approximately the static characteristic of a linear potentiometric pickup 
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taking into account step nature of potentiometer. 
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<m, PY Fig. 225. Characteristic of potentiometric pick-: 

up taking into account step nature of potentio- . 

Fig. 224. Oscillograns meter and fundamental circuit of its essctronic | 

of work of scheme from model. | 
Fig. 223. KEY: (a) Relay element. 


In Fig. 225 is shom fundamental circuit of such a device. Depending upon 
form of characteristic of relay element (I or II in Fig. 225) it is possible 
approximately to model the step nature of potentiometer accordingly without calcu-} 
lation or taking into accout the gap in kinemstice of the cursor drive. 

Relay element can be made in various ways: by thyratrons, neon tubes or acre 
accurately by the diagram of Pig. 223 (See N. A. Shnaydman (3)). 

The connection between parameters of the diagram, the characteristic of the 
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step are given by relationships: *# 


R 
(Ae,,), = (Se. —_ (Se,.) Hos ares == (4¢,,), = Ul Zr: 


R, R ’ 
(B¢ ue): = (S.uah = ... = (3¢,,,), = he R, (Oey). 


Speed of voltage build-up of a step will be 


Stor) _ Us 
de, Stepe® 
Comparison of diagrams on Figs. 219, 22U, 221, 222, 223 and 224, shows that for 
reprodvction of typical nonlinearities of electronic elements of systems of automatic 
control it is sufficient to have a diode limiter and a certain number of usual opera- 
tional amplifiers. 
Let us consider as an example simulation of several typical nonlinear problems 
of automatic control on de electronic anaiog casputers. 
Simulating relay system o* automatic control, Equations of investigated systems 


are given in the fors 


@ 4,0 fizz) (p? + 25a + lox, = - I 
x, = f(x). 


(13.3) 


Function f(x,) ie given by graph (Fig. 226a). 
It ie required to determine character of transients 





with initial conditions x, (0) =}, x,(0) = 0 and 
eo various values of k, namely: k = 30h, k = 400, k = 
: k = 200 and k = 100. 

The setup diagram on sodel for given equations 
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(13.3) 18 shom in Fig. 227. The dotted line circles 
Pig. 226. Relay charac- that part of the diagram which reproduces the 
ALLL CS. 


#In these relationships the minus sign is omitted and it is taken that 


U = 0, 


release 


“ull- 


relay characteristic. 


Equations for voltages for every block of the setup diagram will be: 








Uy me — KU 4 Kia, + Kur, Uy. 
Uy= - 7 Kn 
| ; 
= ' ! 
| i \ 
‘ t 
: ‘ ‘ 
i 
é ' ' 
’ i 
, 3 ! : 
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: i ' L 
i tion of relay system cf autcxatic control. 
Solving the resulting syetem of equations for U5, whieh represents coordinate 
x 
| 
' Xz, we receive | : 
‘ 
| OP +t KK Aue 1 Nak Kuty = Ky KAKy JiUy 
After transformation of variable x, = MH, U35 x, = W,Ug wo receive ‘ 
BAP Ky Ki Karip + Keke) — Me Kak aKul (ge) 
: 
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Comparing with initial equations and taking that M,, = a0 ee i =O! and 


M,, = AL, » We have 


- . - . M,, 
Ky K Aur, - 2.5. KyNy Ky = 1, ‘A Ky KykKy =a, 
Kyky Ky, = &. 
Ux My.  Uy= gr. 


Dependence l’, /:l',) with the taken numerical values of scale is shom in 
Fig. 226b. 

Since coefficient k significantly differs from remaining coefficients and 
thereby causes difficulty during setup (possibility of output of blocks beyond 
the limits of linearity), it is expedient to introduce a time scale. 


If one sets te. hs , then initial equations will take the fora 


as, dt, a 
Sie = - 0,835 2 — 0.1 - = 0. 


Now tranemission factors of separate blocke can be determined from relation- 


ehipe: 


KK X42, = 0.835, 
&, Ky A 2, = O01, 


a 
Kak Ku = o° 


Values of every tranaaission factor for various k are brought in the following 
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Pig. 226. Oseillogrems of control processes 
in relay systen. 


In Pig. 228 a, b, c, ¢@ are given cecillogrens of trensicuts for various k. 
Comparison of results from cecillogrems with date : ealewlation, by vointwise trans- | 
forustion,® are shom in this table: 





*Caleulation by I. M. Smirnova (a—emplitade of cecillations). 
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Table XI 





: woe | 13 i 135 ae 107 ie 
0 | 164 16.4 a Ls [iw 107 
ag | 9 | (iso | 12 
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KEY: (a) Parameter; (b) Ca culated; (c) 
Experimental. 


Prom comparison of data of the table can 
see sufficiently well coincidence of calculating 
and experimental values. A picture of phase 
plane, photographed from screen of cathode-ray 
cecilloscope for three values k = 304, 400 and 
100 and various initial conditions, is show in 
Pig. 229, b, cs. 

Resulte of experiment confirm presence of ¢ 
stable limit cycle when k = 400, 304 and 200. 
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230 ie brought the fundamental circuit of 


Glectro-hydreulic servo aystem, used in device, 
iatended for conversion of cutput voltage of 


electronic acde] into angle of rotation of plat- 
form (V. A. Miokhlow (1)). Such converters are 
Fig. 229. Phase portraite of reqaired in a mumber of cases of simulation 


relay syetcez of eutamatic con- 
trol. with elemente of the control loop. 
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Bquation of motion of separate elements of diagram on the assumption that load 
of hydraulic servomotor is emall and nonlinearity {8 developed only in limitation 
of current of electromechanical converter, will be: 


equation of hydraulic servomotor 


qe 
Tee yy 7 Bea (13.4) 


where ¢ is angle of rotation of serveuctor, », is displacement of valve, k 
is proportionality factor; 


w 


equation of motion of valve witn hydraulic asplifier 


7, +=. (13.5) 


stere Ty) is time constant, and p is dislocation of needle of hydraulic amplifier; 





Pig. 230, Pundamental circuit of bY 
electro-hydraulic servo systea. l-- 
electromechanisal converter, 2--potentio- 
meter of setting of table, 3}—-hydraulic 
euplifier, 4--pickup of speed, 5—potentio- 
meter of feedback, 6--hydraulic actuator, 
7-—-dieoharge. 


equation of electromechanical converter (elas) 


nape ne eon boo 


+h +pma,. (23.6) 
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y 
is proportionality factor, To» T, are time constants; 


where I_,--current of control in relay coil, variable within limits A < ly <A, Ko 


equation of electronic asplifier 


f dy oy dy ! 
ye S, fos k.(. v T, dt ° T; wt) (1/.") 


where Sy is steepness of amplifier, Koe77 feedback factor, Ty» T. are time constants 


of differentiating circuits with respect to first and second derivatives. 
Problem consists of finding influence of limitation of control current on the 
transient in the system with the following numerical parameters: 
T= 1.16sec. &, = 105 Hew, TT, =0,38- 10°" sec, 
T, = 0.15. 107*sec?, 7,= 0.18. 10°’sec, &, = 0.13- 10°" c/a, 


S,= 12.8 moje. &,,.= S73 Videg, —30 wa <i, < 50 ua, 
T,=20-107"sec, 73 = 0,8- 10 *sec?. 


Functional diagram of setup of these equations is show in Fig. 231. Taking 


ecales of representation of initial variable 
A, = Mae = 0.1, M, =0.1. M, = M, = 0.1 and My, = if, 


we receive transmission factors of separate cceputer blocks: 
Ky 9S. Kye 10 Kyoh2 Ny, 10, Ky = 6.67. 
Kya. Kg 263, Ky 9.05, Ky 0.73, Ky 6.73, 
Ko=1. Ky, st. 





Fig. 231. Punctional diagram of simlatian of electro- 
hydraulic servo systen. 





Results of oscilluscoping transierts during stem change of input sipnal are 
shown in Fig. 232a, b accordingly for a linear problem and taking into account 
limitation of current lys Cscillograms show noticeable lowering of speed of reaching 
steady-state value with limitation of current. 

It is necessary to indicate that during construction of converting devices 
large difficulties arise, caused by the fact that natural parameters of the device 
must not distort processes of adjustment, obtained in the simulation. Therefore, 
the transmission band of the converter should be at least one orcer wider than the 


transmission band of the investigated system. 
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Fig, 232. Oscillograms of processes of ad~ 
justment in electro-hydravlic servo system, 
obtained during simulation. 

At present convertere are constructed on the basis cf a servo system, converting 
voltage into angle of rotation, voltage into angular velocity of rotation of plet- 
form and, finally, in the form of a model of physical analogy, converting voltage of 
model into moment actirg on shaft of a mechanical system with one degree of freedom, 


One example of a converter, tased on combined use of enumerated principles, is 
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described in work of L. N. Fitaner (3). 


2. Similation of Systems of Automatic Control with 


Typical Nonlinearities in Inertial Klewents 
Simulation teking into account limitation of coordinates, During simulation 








of limitations of coordinates of elsctronic elements (for example, limitation of cut- 
put voltage of electronic amplifier) it makes no difference where the amplifier is 


coupled in, at input, output or in feedback circuit of operational amplifier. 





Fig. 233. Diagram of electrc-hydraulic servo syatem, from 
book of G. Korn and Tf, Korn {1}. l--pickup of input 
signal, 2--potentiometric pickup of migiaatch, 3—feed- 
back, 4~-load, 5-~-servomotor, 6—converter, 7--amplifier, 
Go-—valve, 

Completely otherwise stands the matter uuring reproduction of limitations of 
coordinates in inertial slements. For example let us consider simulation of the 
hydraulic actuating mechanisam of the servo system, described in she hook of G. Korn 
and T, Korn [1]. Equation of motion of this actuating mechanism (Fig. 233) in 


linearized form wiii be: 


a) for electronic amplifier 
Viens (13.8) 
b) for electromechanical converter (relay, solemoid, etc) 


(Typ + tye = kU: (13.9) 
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c) for vaive 


(7,197 + Typ + Vp — 4,3. (13.10) 


d) for servomotor 


Tspx = hep. (13.11) 


In reality corrdinates U, p and x cannot change infinitely. Thanks to finite 
value of voltage of power supplies and load output voltage of amplifier can change 
linearly only within limits 4, U <A. Tha..s to limited productivity of oil 
pup and finite area of apertures, covered by valve, 1, <» <4, and, consequently, 
speed nx, developed by piston, will also be limited. Also limitsd will be movement 
of piston *(—-A,< xr < Ay). 

After coordinates U, p and x reach limits, these equations of motion become 
invalid. Assuming that vibration in mounts does no’ occur and limitations of 
coordinates do not set on simultaneously, we arrive at the following possible cases: 

$b. (Typ + l)e = &,A,. 


(MeTyp? + 339+ Dp = ky. | when |&,2| > A, = const. 
T,px = yp 
2. U=h3, 
(yp + lyo= aU. | when 14,6] < Aj. 
pe=—0, p= Az but [4,9| 2 A. 








Typx = kA, 
3. U=k3, wnen [4,3] <A). 
(Tp + Io= kU. [439] < A). 
(T.%yp? + Ty9 + lp = Aye. ¢ : 
k 7 
px = 0, | t, foat > Aj. ‘ 
& am Ay , 


It 18 obvious that during simulation it is necessary to have the possibility 
of reproducing all enumerated cases. Froquently, they disregard such detailed re- 


cording of equations, as a result of which they allow incorrectness into solution 


of the problem, 


In Fig. 2348 is shown setup diagram of computer blocks of the model, brought 
in the mentioned book of G. Korn and T. Korn, for solution of the placed problem. 

From analysis of this diagram it follows that after working of the output 
limiter integrating amplifiers 4 and 5 will continue to integrate input signals, and 
up to moment of reverse movement of servomot>r on these interrators there can be 


established voltage of any magnitude (within limits of linearity’, These voltages 


do 
de 


will represent initial conditions with respect to coordinates and + for 
reverse novement and will lead to motions of system, in principle differing from 
those, which should take place in reality. 

In Fig. 234b is shown a diagram of simulation, without the indicated deficien- 
cies. Limitation of the coordinate of the inertial element here is attained by 
forced conversion to zero of its speed by means of short-circuiting the feedback 
circuit of the corresponding operational amplifier. For every limited coordinate 
here there are introduced two additional units: a comparator and a unit of tha 
sign of acceleration. For the purpose of greatest graphicness for commutation, in 
the circuit there are used electromagnetic and polarized relays (). Analogous 


commutation when indispensable can be fulfilled on diode keys. 


Simulating an inertial actuating mechanism taking into sccount dry friction 
on output shaft. Dry friction in an electronic element usual.y is reproduced by 
the same circuits, which are used for obtaining the static characteristic of clear- 
ance, 

For an inertial element such an approach leads to incorrect results. As it is 
known, equation of inerteail actuating mechanism taking into account moment of 


freiction on output shaft can be reduced to the form 


(Tp + Io mto— 1 M, signe 


@hene #0o0r if «=0. but [As| > + Mr). 


and z= const 


(rhen © = 0 w [ho] <3 My). 


(15.12) 
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Fig. 234. Functional diagram of simulation of CAP of 
Pig. 233. 


Here T is time constant of actuating mechanism, x is output coordinate of 
actuating mechanism, w is speed of output shaft, o is contrcl signal, k--ampli- 
fication factor, Mrp is moment of dry friction, «s is coefficient of self-levelling. 

Moment of friction when w = 0 is equal in modulus and opposite in direction 


to total effective moment 23 as lond as the latter does not excel limit value 


In Fig. 235@ is brought diagram of solution of this equation on a model. Until 
the input signal is less than voltage, which ropresents friction Ur) , the circuit 
works as a unique relay servo system. Operational amplifier 2 here reproduces ti._ 
relay characteristic. Indeed, with output voltage /[U,/<|&| gain factor of 
amplifier due to breaking of feedback is very great and the least change of input 
signal leads to appearance at outyrw of signal +E or -E depending upon sign of input 


signal. If the input signal determines speed, then output signal of such block will 
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236. Diagram of simlation of con- 


Fig. 


stem of speed of steam turbine with 


- dry friction in valve of servomotor. 


trol sy 


c 
c 
Pig. 235. Diagram of simulation of dry fric- 





tion and oscillograms, illustrating its work. 





represent moment of friction. 

Output voltage of first block, which is the mismatch signal of the considered 
servo system, will be minute (since gain factor of subsequent block is very great), 
and, therefore, as long as U, < Urp » UL = O, and consequently, Urp in magnitude 
will follow U,. 





After signal U, exceeds value of U,,.,,, the latter does not change further ard 
processes in system occur in accordance with given equation for conatant value of 
U were Por removal of natural oscillations, appearing in circuit of model during 
work in mode of relay servo system, one must connect in feedback circuit of opera~ 
tional amplifier 2 small capacitance of order C = 300 pf. 

In Fig. 235b, ¢ are brought oscillograms of change cf separate voltages in the 
circuit of Fig. 2358 when time constant is T = 1 sec and 0.4 milliseconis, The last 
i case takes place during calculation of dry friction, for exampls, in low-inertia 
sensor of a regulator. 

As an example let us consider simulation of the zystem of automatic control of 
speed of steam turbine taking into account frictioa in valve of servomotor.* 

During investigetion of the system of automatic control of speed of stean 
turbine on stand in the VTI (All Union "Order of Red Banner of Labor” Scientific 
Research Institute of Heat Engineering in name o° F. E. Dsershinekiy) there wers 
revealed natural cecillations of the control system in the presence of friction, 
artificially introduced in sensor of control circuit, : th diagonal coupling. There 
was formated the problem of reproducing these phenomena on an electronic acde) and 
of investigating influence of magnitude of introduced friction on character of 
tranaients, amplitude and frequency of natural oscillations. 


Equa .ions, which describe motion of .nvestigated system cf automatic control, 





“lork on simulation of this CAP is being conducted by the euthar with G. A. 
Kirokoayants,. 
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according to the data of VTI have form: 


equation of sensar 


T, St ta=ete— iri sign( 4h): (13.13) 
equation of valvs 


e=— 4; (13.14) 


equation of servomotor 


dy oe 
teat = (13.15) 


equation of controlled process 
d 
Tete Hcl — 2), (13.16) 


where 1 is coordinate of sensor, » is coordinate of servomotor o is coordinate of 
valve, ¢ is regulated magnitude (speed), « is cosfficient of self-levelling, 
r is force of dry friction, Th T) 7. are time constants of systen. 
Equations are given in relative magnitudes, 
Functional setup diagram of these equations on electronic model is sham in 
Fig. 236. For reproduction of friction wo use the earlier considered circuit. ‘The 
connection between tranamission factors of separate blocks and coefficients of 


differential equations is determined from equations: 


} ! , 3 
as = KiyKy Xy. TN ris KK, AYU. 


I 
iy, — KK, M,. ty = Kam, 


I t— , 
SKM op = Ky Kyl, 


” 


{ 
’ = KKM. 


=j2s~ 








| 


On cecillograms of Pig. 237 for illustration of received results there are 
brought transien%s in system at initial value of coordinates ¢ (0) =-l, 17(0) = 0, 
» (0) = 1 and values of parameters T, = 0.22 sec; T, "0.3 sec, @ “0.316, Ta = 0.41 


sec, My, = 1.16, My = 2.3 8, 0.92 without and with of frictional force © = U.1. 





Fig. 237. Oecillograms of transients in systea 
of automatic control of speed of steam turbine. 
a) for linearised aysten, b) with calculation 
for dry friction in valve of servomotar. 


As follows from the oscillograms, with these values of parameters of systea 
and its structure friction in sensor leads to appearance of natural ocecillations and 
coneiderably woreens quality of process. 


S tion of actuat account gay ic 
circuit, inertial joad and friction on output shaft. Let us consider equation of 


motion of actuating mechanien, in which actor is coupled with regulating unit by 
means of gear tran‘uisesion, possessing clearance (Pig. 238). We will also consider 
inertia of the regu.ated uit and moment of load, created by it on output shaft 


of reductor.® Equation of mo::m of such dynamic system will vary depending upon 
whether there is selected a gap in trangission ao not. 





*As far as this author knows, simulation of such a problem was first considered 
by A. A. Fel'dbawa (4]; see also A. A. Pel'dbeaun and S. P. Omfryuk [1]. 
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Take the following designations: J) is given moment of inertia of driving 


shaft, J. is moment of inertia of driven shaft, 8, is coordinate of driving shaft, 


2 
4, is coordinate of driven shaft axis, « is gap of transmission, Mis moment, 
ueveloped by motor of actuating mechanism on driving shaft, M is counteracting 


moment, developed by load (in particular case this can be moment of dry friction). 





Pig. 238. Toward deriving equations 
(12.21). l--motor of actuating mechanisn, 
2—reductor, 3—regulated unit. 
Breaking of system due to presence of tranemission clearance will take place 
whenever |3, — 3,/ <x - Here equations of motion of driving and driven elesents 


will be independent: 


4 = My. (13.17) 


4 Th =- oe (13.18) 


When gap is selected 4, =%=% , system will move as a whole. Here we wil) 


receive 
@ 
A+ Wy = Ma My. (13.29) 


During solution of this problem on a simulator it is possible to use two dif- 
ferent methods. Introducing for consideration amament cf reaction of driven element 
to driving and of driving to driven® {xizzested by A. A. Pel'dbaum) it is possible 
to preserve recording of equation of motion of considered aystem in the form of 
systen of two equations both for motion in sone of gap, and for actions witha 


*Physically this moment of reaction can be treated as a moment of elastic 
strains, appearing in reductor during tranemiesion of moving noment to load. 
“42T- 


—n. 





selected gap. In ancther method of sosution of prob.em transition from system of 
two independent equations (13.17) and (13.18) tc equation (13.19) 1e carried out 
automatically with departure from clearance linits. 


Determining in first case mowent MN. as 





Cc 
: o(4—4—5) when i —&l > 4. & > 0. 
Mei 0 when al <x (13.20) 


a(,-4+5) when 1-31 > 5. t, <0. 
we write equations of motion of considered actuating aechtrian int © fom 


4; a == Mi, — My. 
(13,21) 


4 cic] — My — uA,. 





Pig. 239. Functional diegran of simi- 

lation of procesees in inertial elemsits 

containing gape. 

Thus, problem of simulation of inertial actuating mechanism in the presence 

of gap in tranamiesion boils dam to sciution of system cf nonlinear equations, 
into which there enters nonlinear function M,, determined by relationship (13.20)). 
when M, = 0 (motion in tone of gap), system of investigated equations becores free, 
and when M, # 0 it is connected, Nonlinear function M, as it were camutates system 
of equations (13.21). Porming of this function is most conveniantly carried out by 


two operational amplifiers, united in series with diode elements. 


Fig. 239 is brought complete diagram of simulaticn of considered preblen. 
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ser‘es with diode elements. 


In Fig. 239 is brought complete diagram of simulation of considered problem, 
It differs from that offered by A. A. Feld'baum cnly in smaller number of operational 
amplifiers and coverage of diodes 4, and 2; by a feedback circuit. The latter pur- 
gue the goal of decreasing ¢rror, caused by non]‘nearity of volt-ampere charac!::ris- 


tic of diodes with small plate ~sltages. Diodes -T; and 4, coupled in circuit of 
auxiliary feedback of amplifiers 3 and 6, serve to switch in this feedback during 


break of main diodes A; and 4, This ensures prese. vation of voltage at summing 


points of operational amplifiers 3 and 6 in all regimes at a very low level and 
allows us to receive output voltage in blocks 3 and 6 practically equal to sero 


when diodes 4, and J, are locked. 
when motion is in the sone of clearance ( 3,— &— 3 <0 or %’—&+_> 0), 
diodss 7, and -7, are locked and 4, and .J, are unlocked and veriables 3, and 
& change independently (accordingly under the influence only of M,, and M. ). 
Outside the clearance sone /3, — i, 7 7 Pepending upon direction of rotation either 
diode -2,, or diode .7, opens and? the circuit as a whole should reproduce equation 


(33.19). 





Fig. 240. Equivalent scheme for limit case of 
Fig. 239. 


In Pig. 240 1s depicted diagram of model for that limit case under the con- 
dition that -, 0. With change of direction of motion ( “,-0 ) diagram of 


Fig. «40 in structure remains as >efore, but in it operational amplifier 3 should 
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be replaced by operational amplifier 6 together with connected input impedances, 
We will find those limitations, which it is necessary to put on parameters cof 
diagraa (Fig. 240), so that transients in it are described by equation (13.19). 
Output voltage of amplifier 3 taking into account switched in feedback circuit of 
integrators can be writte in the form 
Y, Y, 
; Y, Y, TTP + Un, oe ve Ty TnP 
eo t +Vu- Tu Fiala 
eee ie ae 
Veto. Pegs 
a= Ro eR: 
With sufficiently large gain factor K., when in working range of frequencies 


(13.22) 





where "= RL. qT, = R,C. Y= ze . 
ae 


the following is valid 
Yun+YotYss Malu 9! 
a = 3. x eel, 
expression (13.22) can, with accuracy sufficient for practice be presented in the 


form 
Y, y 
Uys - Uy 5" Tal? — Ua, + ve Ve TaTnP?. 
(13.23) 
Equation, connecting output voltage of fifth block with input of fourth, will bs 


Vem rats Ut 7, Um): (13.24) 
where 
Ty =RC. Ty = RAC. T= RC. 
In the model, presented in Fig. 240, voltage Us represents output coordinate 
‘ .* Therefore, equations (13.23) and (15.24), describing processes in considei ed 

circuit should be solved for voltage Us. 

After excluding U3 and transition to originals taking into account that 

me = sonst, we receive 


Tiss; yt) au; (13. 25) 


(14 per yt) Gat =~ (re Uae Tans Um): 


#With opposite sign. 


Assuning a = Ss and considering that scales 4, of input magnitudes are 
i 4 


selected identical, i.ae., Ua. ha M and Uy =Ay4,, we wili receive 


om ane 


. Yy ave, 3 
(Ta 7 Ts, + Tala a) de = Ay (My my M,). (13.26) 


So that equation (15.26) is identical to equation (13.19), it ie@ necessary, 


that wher U,= — 3,8, we have 


Y 
Fg TU bsTulsr= baht bsTaTn = tal 


¥ 

where k, is scale factor of output magnitude. 

Main deficiency of presented method of solution is inclination of circuit of 
model to generate undamped oscillations. Indeed, considering circuit of Fig. 240 
in the form of one amplifier with complicated feedback, we can verify that in its 
circuit for a finite value of gain factor there mugt appear undamped oscillations. 
If one were to consider that gain factor K, is not a constant magnitude, and by 
force of inertness of the amplifier represents a certain function of frequency, 
then the possibility of loss of stability will become evident. Presence of undamped 
oscillations leads to distortion of transmission of signals of main process of 
adjustment. Use of usual methods of removal of these oscillations leads to lowering 
upper limit of frequencies of signals, developed without distortion in such sinmla- 
tion of the investigated servo system. 

In connecticn with this it is useful to consider another method of solution of 
the formulated problem, in which simultencously on models there is not reproduced 
the main process of adjustment and oscillations, caused by elastic deformations in 
transmission, but there is carried out automatically transition from one differential 
equations (13.1) and (13.18) to another (13.19) and back depending upon atate gap 
in transmissions. 

If Fig. 24la is presented a complete fundamental circuit of the model, necessary 


during solution of problem by the considered method. In circuit are shown chose 
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switching operations, which provide transition from equation (13.17) and (13.18) 
to equation (13.19) and vice versa. These operations are executed by normally- 


closed diode keys Ky), Kos Ky am normally open ones Ky and K Change of state of 


5! 
key is caz. led out by conmutating voltage Hy appearing every time after selection 
of gap in transmission. With appearance of commtating voltage cecurs cross-connoc- 
tion of input voltages to blocks 1 and 4 and disconnection of bicck 5 from block 4. 
Simultaneously, with this transmission factor of blocks 1 and 4 increases which re- 
produces increase of general moment of inertia of system due to moment of inertia 
of output ads, 

So that after selection of clearance we have equality 4,-=4, , in the 
circuit is an additional sixth block, forming circuit of negative feedback for 
bloeks 5 ard 3. Selecting great gain factor of this circuit (by decrease of ts) ; 
it is possible to achieve satisfactory accuracy of tracking. Voltage Uy, is 
fed to block 4 so that at output of this block after selection of clearance we re- 
ceive voltage, proportional to % . This voltage during reverse input in gone of 
clearance serves as voltage of initial conditions and ensures, thereby, correct 
repeated union of blocks 4 and 5. 

Fundamental circuit of normally-closed diode key, shunting input impedance of 
operational amplifiers is shown in Fig. 241b. From this diagram it is possible 
to obtain the diagram of normally closed key Kj. With change of polarity of voltages 
Uy and U,, , we obtain diagram of keys K, and Kee 
Impedances of normally-closed key are selected from relationships: 


in absence of commutating voltage 


L UeaY iy F Cos mas 9, (13.27) 
in the presence of commtating voltage 


FUN Yt UY iy t fa aoa! 1) 32 0. (13.28) 
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If Ouw=+t30V. Cypmer=U,= + 100V. then 


10 
Yy= T Yur Vg = Vy. 





Fig. 241. Diagram of simulation of processes in 
inertial elements with gap, based on application of 
electronic keys. 
KEY: (a) Output. 
Conductance Y,, usually is determined from required vaiues of transmission 
factor of block in every position of key. Let there be given two required values of 


transmission factors of block K) and K, accordingly for closed and opened state of 


key. Then ¥ : ‘ 
ete 
K, = Ya. 

Hence 


(13.29) 
Considered examples of simulation of certain nonlinear problems also give an 
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idea of methods of simulating problems of adjustment, requiring realisation of auto- 
matic transition from certain equations to others, differing not only in coefficients, 
but also in structure. Apparently, presented methods may also be used for realiza- 
tion of automatic transition of a CAP from one law of adjustment to another depending 


upon phase and nature of the transient. 


3. Examples of Solution of Nonlinear Problems of Automatic Control 

During investigation of systems of automatic control by electronic models it 
is possible to obtain not only particular solutions, correct for the given numericas 
values of parameters, but also, which is very valuable, to reveal the total picture 
of possible motions for givne structure of the system and, thus, to make reconmenda-~ 
tions on selection of parameters. Let us consider the method of formulating auch 
investigations with two examples of very simple systems of industrial control.* 

As the first example let us consider system of automatic control of inertial 
object of first order, regulated by relay astatic regulator. Here we will assume 
presence of delay + in transmission of controller action. In these conditions con- 
sidered system of automatic control is described by following system of differential 


equations: 


Trt gake—v. 4 =s@). (13.30) 


where Th is time constant of object, k. is amplification factor of object, « is 


0 
time lag, » is controlling action, » is controlled variable, and function f( 7) 


is determined thus: 


0 when —@ <<? 
S| +A when @>% ande<—% 


*These examples were considered by author on the advice of A. Ya. Lerner. 
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Fig. 242. Functional diagram of simulation of 
astatic relay system of automatic control with 
constant delay. 5s is delay block. Dotted 
line circles circuit, reproducing relay charac- 
teristics. 


The problem is set in the following form: to find decomposition of plane of 
parameters of system ky and te into regiens with attenuating process and naturai 


oscilistions for various values of the zone of insensitivity of relay PH (sat 


Fax 
is maximum value of controlled variable) and initial conditions ;(9) «0. u(0)._0, 
Setup diagram is shown in Fig. 242. During simulation there was established 
a fixed value of magnitude A. Change of magnitude A is equivalent to change of 
ko: Magnitude T, for convenience was taken equal to 1.0 sec. Zone of insensitivity 
of relay was set equal to in sie = 0.1 and 0.05. Zone of insensitivity is related 
to ke (0), since experiment 7(0)=7.,, - Results of similation for value ; (0)= 
=] is shom in Fig. 243a, and b, In Fig. 243a is orocught decomposition of plane of 
characteristic parameters of system, and in Fig. 2430 is the dependence °f amplitude 
Fx and frequency /,. of natural oscillation on r - These materials allow 
us to make selection of main parameters of object and regulator on first stages of 
projection, and also forwulate a number of valuable conclusions about properties of 
considered control systea. 
As a second example of simlation of control process let us consider the same 


object as in the preceding case, but with a proportional-pulse controller. Equations 
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Fig. 243. a) Boundaries of regions 
with attenuating processes and stable 
natural oscillations in plane of para- 
weters ky and ;+-for astatic relay CAP 
with delay. I--region of stable oscil- 
lations, II--region of attenusting 
processes. b) Dependence of frequency 
and amplitude of natural oscillations 
on , with various values of kg and /» 


e 
° 4 


describing process of adjustment in this case are: 
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Tt te=halt—9. 
7, = sg—9. (13.31) 


a = du 
Le +e =31. 3: 


where T, in time constant of servomotor, ¢ is coordinate of the driftless stabiliser 
T, i9 time constant of the driftless stabilizer, 3 is proportionality factor of the 
driftless stabiliser. Operating characteristic of servomotor f(7—*) is given by 


graph of Fig. 2h4. 





Fig. 244. Characteristic of actuating 
mechanisa. 


We find, as before, decomposition of plane of parameters of system ko and 
into valuss regions with stable self-excited and attenuating processes for two 
values of sone of insensitivity of servomotor and various values of coefficient of 
the driftless stabilizer on the condition that T, = Tp (condition “tuned 

driftless stabilizer", A. A. Voronov {1]). Functional setup diagram is shown in 
Fig. 245. we take also + =10,A=1, tan y= land T)=1 sec. Change of 
magnitude A and tan + ends to increase or decrease of general gain factor. Change 
of ky works in the eame direction. In Fig. 246 are given results of conducted in- 
vestigations, Oecillograms of Fig. 247a and b illustrete effect of introduction of 
a driftness stabiliser in considered system. As follows from these oscillogram, 


without a driftlecs stabiliser in systen impermiseible natural ocecillations is set. 
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Introduction of the driftless stabiliser removes natural oscillation and ensures 
reduction of duration of transients approximately to one half~period of natural 
oscillations. 





Fig. 245. Functional diagram of simulating a 
CAP by proportional-plus-floating controller. 
63-delay block. 


Investigaticn of transients in systems of automatic control with nonlinear 





damping. Lately nonlinear feedbacks have found wide application for improvement 

of quality of transients in systems of automatic control. However, calculation of 
transients in such systems, usually executed by approximate numerical methods, turns 
out to be very labor-consuming. We will show as an example determination of 
transients in such systems by a simulator. 

In Fig. 248 is showm a servo system (See Dsh. L'yuis {? Lewis or Louis) [1)), 
in which for improvement of quality of transients there is introduced additional 
damping, opposite in sign to signal of main damping and proportional to product of 
performance speed by the magnitude of error signal. In beginning of process, when 
error signal is great, additional damping considerably decreases total damping in 
system and, thereby, ensures maximm poesible build-up speed of process. With 
decrease of error signal additional damping decreases and systen is effectively 
braked. 


If we disregard inductances of armature and excitation coil of tachogenerator, 
and also the delay, introduced by amplifiers Ky and Ko» then equation of motion 


of considered servo system can be reduced to the form 


4 ciel +A— fms E+ B(Xqu, — Xen) GE Sioa + Diqu, = Dd,5q. (13.32) 
he 
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Pig. 246. Boundariee of rugions with atten- 
uating and divergent processes in plane of 
parameters and 7 with various values 
of i ° —region of divergent oscilla- 
tions, IIl—rezion of attenuating processes, 
L--L—boundary of unstable limit cycles. 
Coefficients J,. A and B are determined by parameters of motor, tachogenerator and 
amplifiers. 
Problem consists of determining character of transients in system for pre- 
selected parameters (7! of, - 7.2, 5. ae 15.2) » step change of input signal 
x, @ 1 and sero initial conditions, 
Functional setup diagram is show in Fig. 249. Here to obtain identical effect 
during supplying and removal of perturbation into the miltiplier there is intro- 


duced the modulus of error signal. Obtaining of modulus of variable is attained 


“39 





when HB. 5 go aes far Jae Vos 


ie 
tan 


L_ 15 sec—e 





——468sec a 


When Mg210:9 yt; 421,20) 2 
tan Ng I 


b) 


Tt 
*15, 7° 0,185, B+3 
@ 


Fig. 247. a) Transients in system without 
isodroma; b) transient conditions with tuned 
driftless stabilizer, 
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Fig. 24:. Fundamental circuit of servo sy svem 
with nonlinear damping (by Dzh. L'yuis (Lewi3} 
(1}). 7. and 1, tachogenerators P—reductor, 
K, and F ,—amplifiers. 





Fig. 249. Functional setup diagram of equation of 
motion of servo system with nonlinear damping. 


by use of additional sign-inverting amplifier 6 and two diodes 4. , 1,, coupled oy 
a scheme of full-wave rectification. 
Equations of voltages for separate computing blocks of the functional diagram 


hav. the form: 


“4 
U,-= p Kuba + Ks + Ky, + KU). 


U,=- 5 Kn. 

U,= KyU,, 

U,= - (KU, + UA Q). 
U,=- 3l/U,. 

Ug = ~ K,U,. 

U,= IU, j. 


Solving this system of equations for voltage U2, representing in the circuit initial 


variable x | , we will receive 


: a —— tne dE 
ae +Ky ae: — K yyd5 (Kg KaUy — Kadai yy" 4 
+ Kk 3 Kala = K,KU,. 


Introducing transformation of variables +«,, = MU... x. -= Wiw.U; and 


assuming Mt = 1, we will recieve after comparison with initial equation (12.32): 


A : B Kuyt, 

a a Ga eee es. 4 atsAay 

4 ve 4; : ous : 
AigdsAai Aug Maas pat 8 p . - . - . Al, ‘ 
-r Ma, rs on ty ; 4 She Ky, , Ai, ; Ky = k,, Ky, Me . 


vw» select scales of 


Assuming K,) = Ki2 and Koi = 1] and considering that 3, 
presentation of variables. Having in mind best use of full scale of model, we let 
x,, = 1 be represented in installation by voltage Up = 100. Then W,, - Wu - 0.01, 


Here tranemi3sion of factors of blocks will be: 


Ky, -- 8. Ky et. Ay = 3. Ky - 507) WY ae. AY, 2 BO, 
K,, =Ky zt, K,, --0.72. 
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Fig. 250. Transients in servo system: a) 
with linear damping and step input; b), with 
nonlinear damping and step input; c) with 
linear damping and sinusoidal input; d) with 
nonlinear damping and sinusoidal input. 


In Fig. 250 are shown oscillograms of transients in the circuit for two cases: 
with supplying of unit perturbation a and b and with sinusoidal input c and d. As 
can be seen from the oscillograms, duration of transients in system with unit per- 
turbation is reduced approximately to half of that with linear variant systea, 


possessing fairly great damping. 
With sinusoidal input there is attained certain decrease of phase shift, but 


ag Fa 


there appear significant *cnlinear distortions. The lattes indicates once again 
the wall-knowm fact that by reaction <f nonlinear system to unit perturbations one 


must not judge its behavior during perturbationa of other Lypes. 


CHAPTER XIV 


METHODS OF SIMULATING AUTOMATIC SYSTEMS 
WITH DYNAMIC RANGE OF CHANGE OF VARIABLE, 
EXCEEDING DYNAMIC RANGE OF ELECTRONIC MOUni 
Az is know, dynamic range of the best models of electonic analogs does not 
exceed 10° - However, in solving a number of problems of automation it is necessary 
to deal with cases, when range of change of variable considerably exceeds this figure. 
Among these cases one can mention solution of problem of moving a flying object 
into the sone of self-guidance, processes of nuclear reactor startup, solution of 
certain problems of automation of chemical processus, etc. In solving these problems 
use of electronic models requires application of special methods. Of these methods 
one should mention: 1) decomposition of total interval of change of variables into 
subranges with lirite, permissivie rox ersctronic mocei, of change and 1¢alisatiun 
of automatic transition fram one step to the next with corresponding change of 
scales of representation of variables and transmissions factors of separate blocks; 
2) transformation of initial equations into logarithmic presentation of variables. 
Below both enumerated methods are expounded in the example of investigation of 
processes of starting a nuclear reactor (B. Ya. Kogan (6)). Application of 
electronic models also to reproduction of processes of starting considerably expands 


region of their application, aspecially as trainers. 
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1. Pundamentel Equat‘ons of Reactor Startup 
To show the main laws of starting a raactor we will write the uquation of 
kinetics in simplified form, h.th this aim we will take "one group” theory of 
calculation of delayed neutrons, and alsc the assumption that all allocated power 
goes for heating the reactor, and the effective multiplication factor linearly de- 
pends on position of the moderating rod and temperature. Upon these assumptions 


*¢ have: 


dn 3a i—3 


ac hy} 3 
“a At 7a, (14.1) 


aT 
ce 
where %k,, = at — 3:7. 
Here are accepted the following designations : n—total number of nvuutrons 
at moment of time t; “4.4 effective multiplication factor; P —percent of 
delayed neutrons in total number of fission neutrons; i—average lifetime of prompt 
neutron; C—number of radioactive fragments of equivalent group of delayed neutrons; 
A disintegration constant cf radioactive fragmei..s -2 dyu.valent group; S—number 
of neut.‘ons, radiated by out side sources. T average temperature of reactor; u 
—proportionality factor, determined by physical properties of material of active 
zone and geometry of reactor; a-—speed of change of reactance with advancenent of 
roJ; 21a temperature coefficient of reactance. 
By solving system (14.1) one must receive dependences n(t), C(t) and 7(t) for 
linear movement of rods and given initial comditions. 
Neutron power of reactor and concentration of nuclei-emitters of delayed neutrons 


here can change in very wide limits (for example, from 0 to 101), 


¢. Solution of tquations of otartup by actions 

Solution of equations of startup by sections can be carried ct both manuaily 

and automatically. In the first cease solution {s conducted up t»o tve moment, when 
voltage, representing in the model initial variable n, reaches 10C v. Ther. the 

instsllation is changed to t'.e "stop" mode, we record values of all voltage: on in- 

tegrators toward the end of the period of solution. Before beginning the following 

stage of solution the new initial conditions are se. in a scale, corresponding this 

section of the solution. As shown below, values of transmission factors of 


a 


certain computing blocks of the model must change with each transition to a new 


scale of representation of variables. 





Fig. 251. Setup diagram of equations of 
reactor. 
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Indeed, relationships for voltages in the setup diagram of equations (14.1) 
(Fig. 251) will be: 


& 
= 
B 
R 
= 
ae 





Sm KM, + O.01K UU, — Kyyagl, — KU. | 


U4 oe — KU, — 0.01KK UU, — Ky l'y (14.2) 
au 4 
ae =u a Kyu). 


¢ 
U,= j KuksUsdt — Kgl; 
e 


Introdicing scales of representation of initial variables «= - M,U,. 
C=MU2, Tes Us, 34g = MU, , S=M,U, and considering time scale 
to te one, w' will receive the following relationships between coefficienta of 


initial equation, scales and tranemission factore of separate blocks: 


M3 Brak ae 
K,.= f Ks, Ww =7 Mab ihsil'y = &, 
OftA,, 1 pee 2 * Koo 
“Ky A “MyM a, *e : 
M, Mt 
Kage oh Kathy, Auyal aKn gee 


Prom analysis of theese relationshipe it follows that during chinge of scales 
M, and M. during transitions from one section of the excursion to the next it is 
simultaneously neceseary to change values of «a, and «, . Thus, for exemple, if 
in process of startup MN. increases with transition from one section to the next 
by an order, then coefficient siculd be increased by the eam magnitade «, ant 
coefficient «, should decrease. 

During process autamation of simlation of startup of reactor with variable 
ecales of representation of varishles it is necessary to anticipate secumlation ir 
new scale of voltage of initial conditions for the following stage of saluticn. 
Thies can be realised in prineiple by various memory unite. In the work of B. Ya. 
Kogen (6) it was with this aim tast it was proposed to double part of operational 
‘elements of oot in ander, that whe. one part ie ceeupied in solution, the other 


eee nnn nen ee mae 





Pig. 252. Setup diagram of equations of reactor taking into 
account automatic changes of scales during transition fram one 
section of startup to the next. 
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‘Pig. 253. Oecillogram of starting process of reactor by steps. 








is prepared for solution, storing in new scale the initial conditions. 

In Fig. 252 is showm setup diagram taking into account automatic tranaition 
from section to section, 

Controi circuit of simulator should with such mthod of selution ensure auto- 
matically a definite sequence of succession of regimes of each group of computing 
elements, participating in the solution. With thie aim they use two signals: one, 
obtained from comparison circuit, switching on relay a when voltage, representing 
variable n, attains a magnitude of 100 v, and the other form the delay circuit. 
With growth of neutron power T grows ard, conseguently, thermal necative feed~ 
back increases by forer of which neutron pow starts to fell and as a resuit of an 
oscillatory process arrives at stexy -otatc reg’2e. Fall of neutron power under 
the influence of input of thermal negative fesdbrck can in a number of cases be so 
large that for its reproduc:ion it will be necessary, just as in build-up, to go 
through the whole process in ssctions Hers, naturally, with decrease of power it 
is necessary to decr:ase eraia of representation of variables n amd C, 

Since process of change of corwentration of nuclei-~emitters of delayed neutrons 
will lag behind process of change of neutron power, then with decrease of p.ver one 
must decompose the solution intc intervals, being oriented on the process of change 
of C. For this purpose in the control circuit from operational amplifiers 11 and 
12 there results a signal during change of sign of derivative ve . Derivatives 

a is obtained by repeated summation of all components of first equation of 
system (i4.i). Switching on of relay 8 excites auxiliary relay X3, executing all 
necessary commutation for transition to tracking for U. Transmission factors of 
amp' f‘ers 8 and 9 Kg) = Kei = 0.1, and Koo = Kao = 10. So that output voltage 
of amplifiers 8 and 9 not exceed 100 v in process of tracking C, at inputs of 92 
and 82 thsre are connected auxiliary limiters, preventing input into these amplifiers 
of a voltage exceeding 10 v, Simultaneously with change of scales M, and M.,it is 


necessary to change on every interval values of «2, and 2, , but in the opposite 
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irection, For thia there are used reversible stepping selectors WHP) and lIKP?, 
changing direction of motion after every switching on of relay. In Pig. 253,a8 an 
example,there is brought the oscillogram of the process of starting of the reactor, 


obtained by the above method. 
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Fig. 254. A) Sotup diagram with appli- 


cation of aciitiona. capacitars; 8’ Con- 
trol of model with addi*tioral canacitors. 
KEY: (a) Control relay of base blocks, 
When in process of starting of magnitudes n and C due to action of thermal 
feedback are not lowered more than ai. ode. or when one 18 interested only in the 


process of build-up power, it is possible to considerably simplify the scheme of 


da dt a 


automatic solution of problem by sections. With this alia 4. the Degin= ‘ing of every 


a 


Netw 


ae. 


subsequent stage of solution for setting voltages of integrators C and n, decrvsesed 


by 10 times, there is used connection for the preparatory period of additiona) 


a 


* 


capacitors parallel to capacitors of these integrating blovxs* (Fig. 254a). it 


*>imultaneously with author this method was offered by N. Filipchak, V. 
Filipchak, T. Zelinskiy (1). 
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ig natural that in periods of work these additional capacitors must be disconnected 
and reliably discharged. Since additional capacitors do not participate in process 


of solution, they need not have a polystyrene or styroflex dielectric. 
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Fig. 255. Oscillogram of starting process with application of 
circuit with additional capacitors. 


Magnitude of capacity of additional capacitor Cy, is by evident relationship 


c,=¢(p¢ —1) when = 10. C,=- 9C, (14.3) 
where C is capacity of integrator, UL is voltage at end of preceding working inter- 
val, Uy is voltage, which should be at the beginning of the subsequent working 
section, 

Control and setup diagram with such a method of change of scales is considerably 
simplified (See Fig. 254a and b). Oscillogram of starting process, taken with the 


help of application of discharging capacitors, is shown in Fig. 255. 


3. On Solution Error 
Error in giver, interval of solution is caused by the following main factors: 
inaccuracy of setting of transmission factors of separate computer blocks, static 
error of multiplier, error of linear computing elements, inaccuracy of setting of 
initial conditions. 
In accuracy >f work of comparison circuits and scattering in operation of con- 
trol relays need not in principle affect accuracy of soiution. Their influence 


shows only on magnitude and number of intervals of solution. 
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Comparison of results of investigation of errors shows that one of the main 
components 415 caused by error of multiplier. In Table XII is brought comparison of 
data, received from solution of the problem of starting on digital computer and 


on an electronic analog with application of multipliers of various type. 


Table XII 
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KEY: (a) Value of power of reactor during starting 
received by; (b) Power; (c) Digital comprter; (a) 
Electronic analog with electronic multiplier; (e) 
Electronic analog with electromechanica] multiplier; 
(f) Note; (g) Time from beginning of starting, sec; 
(h) Relative arror. 


Comparison of data of table indicates expediency of application of miltipliers 


of increased accuracy. In a number of cases good results can be achievec with the 


. 


help of an electromechanical multiplier (See, for example, G. Korn and 7. Korn [3}). 


Considering that ‘k,, changes comparatively slowly and can be fed to inertial 


input of the multiplier, application of such a multiplier wil] not put limitation 


! 
; 


on transmission band of signal. 






4. Investigation of Starting Processes with the Help of 


uations, Prel diy Converted it Ri sentatio 
of Power. 


Fxpounded method is based on the fact that the system of initial differential 
equations (i4.1) is solved not for power n, but for magnitude y, the inverse of the 


reactor period: 


Here fva= fanann and consequently, y = 10e. 


Designating for brevity C/n = x, S/n = W we find: 


Cc a 
ax a 1 4C Cildn aW _ =n _NdS $1 Ga (14.4) 
a. ha A a a! OO a A a . 


Dividing the first two equations of system (14.1) by magnitude n and considering 
& ==0, we will write taking into account (14.1) a system of transformed equations 


(14.1) in the form: 


dx te). 3 «af ) 
ge Pe geo Rs 

4, 1-3, 
Oe Wy, y= - ; pts Fiky pre, (14.5) 


thy = at, —aT, a asig) 190, 
Variables x, y in this system change in significantly narrower limits than in 
the initial one which allows us to investigate the process of starting as a whole. 


For solution of this system on electronic model there are required nonlinear com- 
puting elements: two multipliers# and one functional generator. 

a2 we designate by y not the derivative of ina , but simply ina itself 
then we rome to a system, equivalent to the one brought earlier, with the same setup 
diagram (Fig. 256). If one were to apply electromechanical or pulse-time multi- 
pliers, then by one miiticlies there can be obtained both sought for products, having 


one general cce-factor. 





“It is necessary to indicate that the requirement of accuracy of multiplier, 
delivering the product W.y. may be not so high, eince with growth of power n magnitude 
W begins to vanish and starting from a certain value n it can be completely ignored. 
Influence of thermal negative feedback at beginning of starting process practically 
is inconspicuous due to small values of temperature 7 , ani therefore, this coup- 
ling actually can be connected, only starting from a certain value of 7 » As@s, 
after definite time after the starting procese. 





Fquations of voitages for circuit of Fig. 256 will be: 


eg = 


Oy= — FU + KU ie + Kila t Kuo. 

dU : 
? Sa =~ KU, : 
¢ Ul: Wy ; 
z } z= — We . 
: au 
: aU 
t a = - KU iy. 


(14.6) 
U,=- (KU, + Kells). 
U,=- 0.01U,. U, 


PU, + Ky t Kes t Ka. 
U, = -- 0,01U Uy. 

au | 

aT = ~ Ky U). 


Section of scales » amd & for functional generator is executed proceeding 
from requirement that when Uj = 100 vy, U5 = 100 v. 
Relationships for determination of scales of representation of variables will 


be: y S -MyU), n= -MUsT = MU, thy = Maly, WE MUG, fiver ayy, 
After substitution in initial system of equations of voltage and comparison 


with giver system (14.5) we will receive: 


WAKO : 3 u" M, My M, so 
ee NS ag Pe Neg | Me Ka 1. a Ky, =I. Mas 4 KAU My - a, 


M Ws, > a 1—3 r AuM, 
we Ko =) ao KeksUyM, =e 7. He Ku=-T: a, = it, 
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From these relationships it follows that selection of scales » and { influenc 
value of transaission factors K5}> Kid am magnitude of scale KM and the latter in 


turn effects the maximum value of power, which can be represented by the electronic 





model. Limiting steepness, reproduceable by functional generator, to magnitude 
S, = 10, we will take 


160 
Uy= = Set (1e.7) 





It ig obvious that when U, @ 100v, U5 = - 100 v, and when U, = QO, 43" 


2 


= (100/e!°) < 0.005 v. 





Fig. 255. Setup diagram of equations of reactor, 
transformed to logarithmic representation of power. 


Steepness is 
dU, setae = 
S, = (40°) = 10 whenU, == 100 V. 


Scale of representation of power is 


1 ¢e is: 


When maxisum output voltage U; = 100 v, maximum power, which can be represented 


on model, constitutes 


Bas, = 2? 026. 


It is necessary to note that during reproduction of devendence (14.7) oy 


functional generator with plecewise-linear approximation when permissible error 


© = 0,25 the least length of interval of decomposition of axis of argument 
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(See Chapter VI) constitutes 


- a a 8-025 
i= ee, * ee 1.4l vy. 


Length of adjacent section will be 


hy = ioe = 145 Vv, 

Realization of such a functional generator by diode elements, as calculation 
shows, requires at least 12 diode elements and runs into large difficulties from 
comparative proximity of points of switching of diode elements toward the end of 
the argument scale. 

Application of quadratic approximation on diode elements with a carrier (R. A. 
Bruns [i], A. A. Maslov and Yu. G. Purlov [1]) or by combining thyrite nonlinear 
resistances (L. D. Kovach and W. Comley [2]) significantly simplifies the circuit 
of functional generator and increases accuracy and reliability of its work. 


Indeed, with quadratic approximation with permissible error ¢ = 0.25 the 


length of least interval of decomposition of argument will be 


hc=5 V w= or 6.3 Vv. (.4.8) 
(tose mat \ 


Rounding to lower whole figure, we take h, “6 v. Then remaining sections will 


1 7 
z 


be: ho Av, hz ™ 10 v, hy = 1S y¥, he = 25 v. 





Thus, the total number of elements in case of quadratic approximation decreases 
mor: than half as compared with case of linear approximation. Diagram of functional 


generator with quadratic approximation is show in Pig. 257.% Here for lowering of \ 





*Diagram was developed by A. A. Maslov am Yu. G. Purlov, 





current characteristics of separate diode elements their coupling is taken mixed. 
First four diode elements (numeration is taken in order of growth of argument) are 
coupled at input, and two—in a circuit, parallel to amplifier. Ideal current- 
corroded :haracteristics of input circuit and circuit, parallel to amplifier, are 
shown in Fig. 258. From Fig. 258 it. follows that with accuracy of 0.16% current 
characteristic of first diode element can be replaced by a segment of axis of 


abscissas. 





Fig. 257. Diagram of functional gener- 
ator witn diode elements ami carrier. 


In Fig. 259 is presented oscillogram of process of starting with logarithmic 
representation of power ami use of electromechanical multiplier. Comparison of 
this solution with solution, received on digital machine, showe that maximum error 
constitutes 26-30%, including and error of reading of magnitudes from oscilicgranm 
(from finite thickness of lin , which themselves can reach 10%. It is natural tat 
application of electronic mu! iplier based on thyrites in this case leads to in- 


crease of error. 


In logarithmic representation of power ¢> sources of error, taking place in 
case of solution of problem by sections, inaccuracy of work of functional generator 
(antilogarithm). However, inaccuracy of work of functional generator leads to in- 


crease of error of resolution only starting from moment of time, when thermal 
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negative fsedback becomes effective, i.e., after first maximum attained by power in 


frrocess of startup. 





Fig. 258. Current characteristics of 
functional generator with carrier. 





Fig. 259. Oscillogram of process of starting with 
logarithmic rerresentation of power. 


This, during solution on electronic models of problems connected with /nvesti- 
gation of processes with wide range of change of variables, it is expeiient to 
apply circuit of soluticn by sections with automatic transition from one section 
to the next. This circuit gives higher accuracy as compared with solution during 


logarithmic presentation of variables. although it requires certain increase of 


number of computing elements and a special contro] circuit. 
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When investigation tr conducted only on section of build-up of variable or 


when lowering of variab » after reaching a maximum does not axceed two orders, 


modeling should also be comiucted by sections with automatic change of scale of 
representation of variables wit: the help of circuit with additional capacitors. 

This circuit is marked for simplicity of contro] system ami does not require increase 
of number cf computer elements. 

With use of logarithmic representation of power the circuit is complicated by 
necessity to have an additional gen rator (reproducing antilogarithmic dependence) 
amd gives less accuracy of solution by sections. 

From what has been presented, furthermore, it foilows that func-vional generator 
in circuit with logarithmic representation can be practically realized only with 
appiication of piecewise-quadratic approximation and limits magnituie of variable, 


wich can be represented in electronic model to five orders, 


“45 Q- 


APPENDIXES 


SR na a ie Nah fg ape aD Ue el RACE SAA AEBE oo Se 


APPENDIX I 


REPRODUCTION OF COMBINED LINEAR OPERATIONS BY 
ONE OPERATIONAL AMPLIFIER 

Linear operations, executed by operational] amplifier in combination with sir- 
plest passive eloctric circuits, already were considered in Chapter II, It turns 
ont that by means of complication cf these passive electric circuits it is possible 
by one amplifier to obtain mors complicated linear operations, With such use of 
operationa)] amplifier we can reduce quantity of amplifiers necessary for solution 
of problem, and in certain cases (for example, during reproduction of oscillatory 
sections of CAP) lower limitations, caused by imperfectness of frequency responses 
of computing blocks, 

However, such complication of passive cireuitsa of operational amplifier often 
leads to a state where we can no longer clearly divide input circuit from the cir- 
cuit, parallel to the amplifier, This in turn demands a more general approach to 


derivation of transfer function of such an operational amplifier.* 


Let us consider the most general circuit diagram of linsar circuits and amplifi- 
er (Pig. 260). 
In this diagram to input of operational amplifier and parallel to it are 


switched passive multipole networks Y and Yo For finding transfer function of 


*Such approach is met in a number of works of F. H. Raymond [1] and R. Peretz 
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sich operational amplifier we will write equation of currents at the poles: 


hy i VCP tes + Lary (Py bus + IY, ,(Pu, ¢, ; (1.1 ) 
Tes = (N55 (Phy fon + (M2, (PI, Cou + IYg (Pol e. | 
Bog = (Vg (Poly Con + IY 52 (Ph Corea + Man (Poh eg 

and Fay = 1¥ (Poly ton +MY 12 Ph Coe +N (Prizes! (1.2) 


hey = (Vn (Ply fon + [Ym (PI: fous + (Yn (Pres. | 
Tg = (Vy (Pol Con + (Vx (Pts Come + MX aa Fd, ea. 





Fig. 260. Skeleton diagram for deriving 
basic relationships. 


In expressions (1.1) and (1.2) the index after brackets indicates number of 
multiterminal network, Conductances [Y;; (P)}, and (45 (P)}2 are determined as 
ratio of current Iq; or I,. in considered pole to voltage, standing as a factor in 
sought for conductance on the condition that all remaining voltages, determining 
current of pole, are equal to sero. 

Thus, for example, P= when fsa. =. 2=0; [V.(P}, = Ze. 
when ¢,,=¢,=0. Disregarding grid current of input cascade of amplifier, we ar- 
rive, as before, at equations of operational amplifier in the form 


hy + lg =0. (1.3) 
Cow = Kye. 
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where 13) and ‘132 are determined by third lines of expressions (1.1) and (1.2). 
On basis of (1.1), (1.2) and (1.3) we obtain finally operational equation of 


operational amplifier in the most general form: 
(1.4) 





6. eos (Yo (PO EMM (PMs i 
= (Vee (Poh + (Yon (Pla eS 2 


Ky (Yen (Pdi 41a (PO 


With very great Ky» when in working range of frequencies the following is correct 


Vso + 1a ele |. 
ay Ya (Jo), + (V2 Gd I< i 


equation (1.4) is simplified: 


Un Prt (Poh = (1.5) 


Four ~ — TY (P|, + [Yaa (Ply 


Relative error, caused by such simplification (finite value of Ky), is determined by 


expression 


So ek L(Y (Ph +119 (Pde (1.6) 


ky (Yse(P} + 1% (PIs | 


Let us consider several particular cases, flowing from general relationships (1.5) 
and (1.6). 
Let in circuit of operaticzal amplifier there be used only miititerminal net- 


work Y). Then in expressions (1.5) and (1.6) all conductances with index "2" after 


square brackets must be set equal to sero, 


As a result we arrive at relationships: 


Couns ™ — Ppt Cos (2.7) 
os Ue [M0 (P dh, 
owt RR (Fu Ph (1.8) 

I, when 


I, 
where [¥,,(P)j, =? when tor == 0. Ya (PIh = = when fa, = 4, = 0. ai = 


Coury = fos = Q. 


If we use only multiterminal network Y., then, proceeding as in preceding case, 
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we arrive at expression of form 


— a lPi hy) 
fot TV (Pile 

= _ 1 (Yaa (Pe 

Bou = Re Ve(Pols (1.20) 


When in circuit of operational amplifier we use instead of miltiterminal networks 
two quadripoles Y) and Yo, connected so that Y2 is not directly coupled with in- 


put, and Y) is not directly coupled with output of operational amplifier, we obtain 


V3, (P|, = [Yn (P)), = 0. 





Therefore 
pi (1.11) 
SOP) Me, as (Va, ( Wi > 
Coun ss (Ys (Py Car: 
soe as (Po + 1 (Ph (1.12) 
een Ry [Ys (Pls 


Some practically important circuits of operational amplifiers, ensuring fulfillment 
of combined linear operations, calculated by these formulas, are show in Table XIII 
below. 

Of great interest is circuit, brought in third column of XIII on page 467 re- 
producing undamped harmonic oscillations. Use of such a circuit as pickup of sinusoi- 
dal osciliations has this deficiency, that for change of frequency of oscillations 
it is necessary simultaneously to change all parameters of the circuit. However, 
here there is attained economy of computing blocks and bandwidth of generated sinusoi- 


dai oscillations is considerably expanded. 


Table XITI 





ffee[ | ses 
] Se ee pet a). eee Se 
1S 
| ee, ak tee 





eyyi{= 





v%. ' R r ee. sets 
fous -z[' e Re RCo + WIR ar | 


g 


- Re ies 
cose RARCie + alae + 0 fos 


er) way Ope eaomet Bo At aw 


Table XIII Continued 


ARCe LY | 
y 


| 


‘ ‘ 
"RK HRCA RL 





a, 

ita meee | 
a, 

! 


| 


: Soma 





_ My NPC 
. BF 


BC pyar i an oN 
( 


a 
x, 





1+ FOR +0) 


Spel 


(Tap 





+a ep 


, CA np + ta, 


b+ 38,’ p+ aero 
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APT ENDIX II 


BRIEF TECHNICAL CHARACTERISTICS OF CERTAIN TYPES OF 
DC ELECTRONIC ANALOG COMPUTERS 
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Table XIV. General Specifications of Certain Electronic 
Analog Computers, Developed in USSR 
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*Jata for these electronic models are brought in article of &. A. Glusberg [1]. 


**Sigures are given for one base block, designed for resolution of second order 
equations, 
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Fig. 261. Electronic analog computer of type IPT-5 
(industrial model). 1 - block of operational ampli- 
fier, 2 - block of variable coefficient, 3 - block 
of coefficient, 4 - control panel, 


Installation is intended for solution of ordi- 
nary linear differential equations up to the ninth 
order inclusively with constant and variable coef- 
ficients. It is constructed in the form oF separate 
blocks (in one block is located one computing ele- 
ment), united by woggle joints in accordance with. 
problem to be solved. Total complex of computing 
blocks is fed from the stabilized rectifiers. 


The installation is composed of: 

l. Operational amplifiers — 18 (9 with plate 
load 20 kilohm, and 9 piece with plate load 10 
kiloha). 

2. Blocks of constant coefficients (divi- 
ders) — 18, 

3. Slocks of variable coefficients — 18. 

4. Control] panei, 


Op*rat° mal amplifiers are three-cascade with 
triode compensation in first cascade (see diagram 
of Fig, 27). installation allows union with auto- 
matic control equipment. There is automatic repe- 
tition of resoluticn for possibility of observa - 
tion of solution of cathode-ray indicator. 
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Fig. 26<, Electronic analog computer of type MPT~9 
(industrial model). 1 - setup field, 2 - control 
panel, 3 - section of operational amplifiers, 4 - 
section of blocks of variabie coefficients, 5 - sec- 
tion of blocks of constant coefficients. 


Installation is intended for solution of ordi- 
nary linear differential equations ur to 16-th order 
inclusively with constant and variable coefficients. 
It is constructed in the form of separate section- 
stands. 


The installation is composed of: 

1. ection of operational amplifiers — 4 
(total operational amplifiers — 48; 16 integrating 
and 32 scale -—~ summing). 

2. Seetion of blocks of variable coe. ficients 
— 4 (total blocks of variable coefficients -- 48). 

3. Sections of blocks of constant coefficients 
— & (total blocks of constant coerficients [divi- 
ders} — 48). 

4&4. Control panel. 

5. atting field. 

6. Special crystal oscillator 50 cps. 

7, Power blocks (electroiic stabilized recti- 
fiers with ferroresonant stabilizers) — i. 

8, Power supplies of incandescence — 2, 


Operational amplifiers are made with automatic 
stabilization of zero level (by circuit of Fig. 4°). 
Blocks of variable coefficients are made of atepping 
selectors. 


Installation allows comcination with automatic 
control equipment. There is automatic repetition 
of solution to ensure possibility of observation 
cf sclution on cathode. ray indicator. 
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Fig. 263. Electronic analcg computer type LMU-1 
(industrial model): 1 ~ section of operational am- 
plifiers — main, 2 - section of variable coeffi- 
clients, 3 - power units, 4 ~ cathode-ray indicator, 
5 - panel of check of blocks of variable coeffi~ 
cients. 


Installation is intended for solution of ordi- 
nary linear differential equations with coefficients 
constant and variable in tiie uo to ninth order, and 
also reproduction of typical noniinear characteris- 
tics. It ie constructed in the form of machine of 
structural-sectional type with two separate etabi- 
lized power supplies, 


The installation is composed of: 18 operational 
amplifiers, 20 variable coefficients, 18 voltage 
dividers, 68 plug-in input impedances, 1 setting 
field (not interchangeable), 12 input resistance bdox- 
es, 8 diode elements. 


Operational amplifiers are three-cascade with 
tiiode compensation in first cascade. Gain factor 
of amplifier at zero frequency is 5 - 103, drift 3 
millivolt after 1) minute, bandwith in closed state 
500 cps at .*vel 0.99. Amplifiers are located 6 to 
a plateau. 
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Fig. 264. Flectronic analog computer of type EMU-3 
(Academy of Sciences of USSR). 1 - block of opsra- 
tional amplifier, 2 ~ block of constant coefficient, 


3 ~ control panel, & - olock of adjustment, 5 - pow- 
er block. 


Installation is intended for solution of ordi- 
nary linear differential equations up to sixth order 
inclusively with coefficients constant and variable 
in time. Structural type in the form of a stanu. 
Setup is carried out by connection of separate blocks 


by flexible cords, 


Feeding is carried out from one stabilised rec- 
tifier, 


The installation is composed of: 

1. Operational ampiifiers — 12 (allowing ex- 
ternal load of 10 ma). 

2. Blocks of constant coefficients — 22. 

3. Blocks with capacitors — 2 (0.01 — 1 m- 
crofarad). 

4. Block of dividers — 1 (0.01 — 1), « 

5, Electromechanical variable speed drive of 
coefficients — 1 per 20 variable coefficients (added 
separately). 

6. Control panel. 


Operational amplifiers are three-cascade with 
triode compensation in first cascade (see circuit of 
Fig, 37). Installation allows combination with auto- 
matic control equipment. 
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Fig. 265. Electronic analog computer of type MN-7 
(industrial model). 1 - setting “ield, 2 - knobs 
for adjustment of zero, 3 - funct.onal generator, 

4 - multiplier block, 5 - control buttons, 6 - knobs 
for setting initial conditions. 


Installation is intended for solution of ordi- 
nary linear anda nonlinear differential equations up 
to sixth order inclusively, with constant coefficients, 
Installation is in the form of portable desk instru- 
ment with separate power block. 


In MN-7 there are 16 operational amplifiers 
with triode compensation (see circuit of Fig. 37), 
six of which can execute function of integration. 
Remaining amplifiers are used as adders and sign- 
inverters, 


In lower part of installation are four cells, 
into which can be inserted multiplier blocks or 
blocks of universal diode functional generators. 
These blocks do not have their own operational am- 
plifiers. Multiplier blocks are made from silicon 
diodes and for work require three operational ampli- 
fiers. In functional generator they use tube diodes. 
Functional generator can be coupled both to input of 
operational amplifier and in feedback circuit. 

For work of generator there are required one or two 
operational ampiifiers, Setup is carried out by 
plugs and snort wires on setting field, located on 
top of the computer. 
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Fig. 266. Electronic analog computer of type MN-8 (industrial model ). 
Installation is intended for solution of ordinary linear ard nonlinear differential equa- 
tions up to 32-nd order inclusively with constant and variable coefficients. Of structural 
type, in the form of separate sections. Total sections — po 
Connection of separate blocks is carried out by flexible cords. 


In model is composed of: 


1, Blocks of integrating rational 6. Multipliers (with 3 inputs) — 12, 
amplifiers (4 amplifiers in each) — 8. 7. Blocks of limitation of coordi- 


2. Blocks of summing amplifiers and nates and sone of insensitivity — 6, 
amplifiers of change of sign (4 amplifiers 8. Differentiating blocks — 4. 
in each ) — 12, 9. Delay blocks — 4. 

3- Blocks of constant coefficients —4& 10, Dynamic blocks — 3, 

4. Blocks of variable coefcicients (in ll. Linear load sections — 3, 
every block 4 variable coefficients) — 12. 12, Cathode-ray indicators — 3. 

5. Fun:tional generators of one argu- 13. Contrel panels —— 2 


Operational amplifiers are made in a circuit with automatic stabilization of sere level 
(see circuit cf Fig. 48). Functional generators use principle of piecewise-linear appreori- 
mation by diodes, “Multipliers are made with application of stepping selector with possibility 
of multiplication of three input magnitudes in one device. Delay block uses of operational 
amplifiers. Model gives possibility of investigating transient with connection of automatic 
control equipment. 


There is iteration of solution with possibility to examine solution on cathode-ray indice- 
tor. Model MN-S allows us to sclve similtaneous two separate problem=. 


wer 








Fig. 267. Slectronic analog computer of type EMU-5 (Academy of Sciences of USER). 


Variant I: 1 - nonlinear blocks, 2 - linear part, 3 - additional control block, 4 — 
power block, 5 ~ oscillograph EO-7 with tube 131036. 


Variant II: 1 - nonlinear attachment, 2 ~ linear part, 3 - additional control block, 
4 ~ power block, 5 - oscillograph EO-7 with tube 131036. 


Installation is intended for solution of ordinary linear and nonlinear differential 
equations up to and including sixth order. Of structural type, in the form of portable desk 
instrument. 


Installation is developed in two modifications, In composition Variant I is composed of: 


1. Operational amplifiers — 12, 5. Additional control olock — 1, 
2, Multipliers — 1, 6. Power block — 1. 

>. Fyamctional generators — 1. 7. Cathode-ray indicator -—- 1, 

4. Blocks of typical nonlinearities — 4. 


In Variant II nonlinear blocks are replaced by nonlinear attachment composed of two ml- 
tipliers anc eight runctional generators with 2, operational amplifiers, tional < 
8 automatic stabilization of sero level and economic Seto eascane ng 

circuit of F 52 Installation allows combination with control equipment. There is 
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Fig. 268. Electr mic analog computer of type EMU-6 
(Academy of Scierces of USSR). 1 - multiplier, 2 - 
functional generator, 3 - linear part, & - electronic 
indicator, 5 ~ sdditional control block, 6 - power 
block. 


Installation is intendec for solution of ordi- 
nary linear and norliszear differential equations up 
to and including tne sixth order. Of structural type, 
in the form of portable desk instrument with separate 
power block. 


Model is compoeed of: 

1. Operational amplifiers -- 12, 

2. Multiplier — 1, 

3. Pamctional generator — 1, 

4&4. Blocks of typical nonliearities — 4. 
5. Additional comtreal blescx — 1. 

6. Cathede-ray indicator — 1, 


Operational amplifiers are ande with automtie 
stabilisation ef sere level and escnamic output ene- 
cade (see circuit of Pig. 52). In installation and 
separete commding e.emente is comfusted “grousi 
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Fig. 269. Slectronic analog computer of type MN-10 
(industrial model). 


Installation is intended for solution of nonlinear 
differential equations with conetant coefficients up 
to and including sixth order. Msaber of nonlinear con- 
puting blocks (functional generators of one variable 
and multipliers) does not exveed 6, Setup is carried 
out on special switching field. All computing elements 
of machine and eources of stabilised power (block RSV-1U) 
are made of seniconductors. 


Instailation is composed of: 24 operational eampli- 
flere, 6 diode celle for reproduction of typical non- 
linearities, 4 universal functional generatora of one 
variable, 4 multipliers. Operational amplifiers are 
made of semiconductors by « scheme with automatic stabi- 
lisation of sero level. 








Fig. 270. Electronic analog computer of type EMU-8 
(Academy of Sciences of USSR). 


Installation is intended for solution of ordinary 
linear and nonlinear differential equations. Constructed 
in the form of separate base blocks, designed for solu- 
tion of differential equations of second orde. Every 
base block is supplied with four operational amplifiers 
(see circuit of Fig. 58) not requiring stabilised Seed- 
ing, power suppiies and a certain number of linear and 
nonlinear feedback circuite, in the form of plug-in 
inserts. 


In typical setup of model, intended for solution 
of linear and nonlinear differential equations up to 
and including the 10-th order, there are foreseen fol- 
lowing varieties of inserts: a) linear (integration, 
summation, change of sign, setting of scale, reproduc- 
tion of typical nonlinearities); b) nonlinear, intended 
to execute multiplier-—divider operations; c) nonlinear, 
intended for reproduction of nonlinear dependences of 
one argument; a) nonlinear, intended for reproduction 
of fixed nonlinear dependences of type sine, cosine; 
e) intended to execute operatione of control; f) meas- 
uring, intended to execute operations of measurement 
during adjustment. Cathode-ray indicator is mounted 
in separate base block, 


Installation allows union with real equipment. 
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Fig. 271. Set of nonlinear blocks NNB (industrial 
model), 


Setup of nonlinear blocks is intended for ex- 
pansion of the circle of problems, which can be 
solved by linear electronic analogs of type IPT-5, 
MPT~9, LMU-1, and increase of number of nonlinear 
computing elements of MN-~7 and others. 


NNB ensures fulfillment of following nonlinear 
operavions: reproduction of three nonlinear depend- 
ences of one variable, three operations of milti- 
plication or division. It is constructed in the 
form of three base blocks. In each base block are 
two doubled operational amplifiers, made in a cir- 
cult with parallel amplification channels (see Fig. 
58), two plug-in inserts of nonlinear feedback cir- 
cuits and a power supply. Development on basis of 
installation EMU-8. 
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Fig. 272, SBlectronic analog computer of type EDA 
(academy of Sciences of USSR), 


Installation is intended for solution of ordi- 
nary linear and nonlinear differential equations up 
to and including 19-th order. Of structural tyre, 
constructed in the form of two cabinets. 


Installation in composed of: 

l. Operetional amplifiers -—- 38, 

2. Multipliers — i. 

3. Functional generators of one variable -—- 4. 
&. Generator of harmonics — 1. 


Operational amplifiers are supplied with on 
of periodic setting of zero level (see Pig. 150). 
Multipliera are based on the pulse-time principle, 
Functional generator uses approximation of given 
function 8 terms of a Fourier series (I. S. Bruk 
and N,N. Lenow [1)). 


Installation allows combination with control 
equipment. 
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Fig. 272. Complex of electronic simulation equipment 
of type “N-14 (industrial model). Intanded for sclu- 
tion of complicated dynamic problams, described by 
ordinary linear or continear differential equatiuis 
up to and including 30th order with large number of 
nonlinear dependences. 


Installation includes: 90 operational amplifiers 
with automatic atabilization of sero level, of which 
30 car work as integrator, 30 — as adder, 20 — in 
change of sign made and 10 — auxiliary to execute 
certain linear, noncinesar and logical operations. To 
execute nonlinear oreratione there are: 50 blocks, 
executing operations vis and 
20 blocks of universal functional generators of one 
wariable, i, cblocxs of typical nonlinearities, 6 ° -ks 
for reproduction of trigonometric functions, l2 muse- 
time multipliers. Total number of ampiifiers in 
machine is 360. There is automation af introduction 
and recovery of data. Setup is carried out on plur- 
in setting field provided with digital voltmeter and 
a two-coordinate table. 
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rig. 274. Complex of electronic simulation equipment 
of type EMU-10 (industrial model); on the right and 
on the left -—— universal stands; in center — special- 
ized stand. 


Complex of simulation equipment EMU~10 is intended 
for solution of linear and nonlinear differential 
equations up to and including 24-th order, and also 
solution of certain problems of optimisation with nun- 
ber of regulated parameters, not exceeding 7. Equin- 
ment consists of universal and specialised stands. 
Universal stand contains: 48 broad-bend cperational 
amplifiers, assembled in circuit with parallel ->pli- 
fication channels (see Fig. 59), of which 24 can work 
ae integrator; & electronic multipliers; 4 electronic 
universal functional generatore; 4 combined electro- 
mechanical functional generators (for 20 ceofficients 
variable in time; 4 electromechanical mitiplier- 
dividers; & ten-turn potentiometers, of which 64 
are sec automatically by servo system of digital volt- 

ter; plug-in setting field, standard of tenaion and 
time, System cr control ensures static and dynamic 
control of problem stop at a given moment, iteration 
of solution for all or part of ‘he computing elements. 
It ineludes special block for automatic change of scale of 
representation of variable. Specialised stand in- 
cludes semi-channel relay optimiser and 4 blocks of var- 
iable delay, for which time lag can continuously chanse 
into voltage functions of the model. 
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Fig. 275. Electronic analog computer with auto- 
mated solution scanning of type MN-1l (industrial 
model ). 


Installation MN-11 is intended for autometic 
finding of a solution, satisfying certain pre- 
scribed criteria. Installation includes: 9 in- 
tegrating operational amplifiers, 38 summing cper- 
ational amplifiers, 6 muitipliers, 3 blocks of 
wariable coefficients, 4 three-docade voltage di- 
viders, There are three main regimes: detecting 
of sclution by method "minimization," semiauto- 
matic detecting of solution by method "survey", 
crdinary solution of problem with selection manu- 
ally of required soi:ution. 


Structually the installation consists of the 
eiectronic model itself, working with frequency 
of repetition of solution 100 times per second, power 
section and control table for checking and tuning 
plug-in elements and functional blocks, 
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Main Indices of Electronic Analog 
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Fig. 276. Electronic analog computer of firm "Electronic Associates" 
(United States) consists of 50 operational amplifiers, 10 electromechan- 
ical muitipliers, made with servo systems, control panel with two setting 
fielde, 156 potentiometers for setting initial conditions, two voltmeters 
and other equipment. 


Firm also releases installation of smaller dimensions of type 16-31 8 
(see Fig. 275b). It contains 20 operational amplifiers, four multipliers 
with servo systems, 32 voltage dividers and one Plug-in setting field. 
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Fig. 277. Electronic analog computer (Radio Cor- 
poration of America) of t "Typhoon" 


con", 
KEY: (a) General form; (b) Three-stage plat- 
form; (c) Control panel. 


It is intended for investigation of pro- 
blems of control of spatial motion of missiles. 
It consists of four main blocks: block of roc- 
ket missile, carrying out solution of equation 
of motion of missile for given initial conditions 
and current values of forces and moments; aero- 
dynamics unit, executing, according to given 
data of wind tunnel test and current values of 
coordinates and speed of object, calculation of 
forces and moments; target block, giving coordi- 
nates and speed of target; guidance unit, pro~ 
ducing control signals and stabilisation by data 
on motion of terget and missile. 
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Composition of computing elements of installation can be 
characterizei -y the following table: 





Number of computing 
elements 


Designation of 
blocks of model Note 





Block of aerodynamics 


Guidance unit 
Block of rocket missile 


There are 36 multipliers 
of increased accuracy. 
From total of 445 oper 
ational amplifiers, 80 
are intended for work 
as integrator. All 
equipment is mounted on 
43 panels 

Total number of tubes 
4,000 

Total power consumption 
from network 46 kilo- 
watts 


Target block 


Recording devices 





Results of solution are fixed on two recording tables. For visuai 
observation ther is a three-stage piatform with model of missile, re- 
s froducing motion about center of gravity. Trajectory of motion of cen- 
i ter of gravity of rocket missile and the target can be observed on 
j special table with luminescent balls. Possibility of conjunction with 
real equipment of stabilization and control ia not roresesn. 





Fig. 278. sclectronic analog computer of "Beckman 
Instruments, Inc." type “ASE~1100 (the United 
States). 


It is intended for solution of linear and 
nonlinear differential equations; it consists of 
60 operational amplifiers with automatic stabili- 
zation of zero level (made by Goldberg's diagram). 
To execute nonlinear operations there are 8 elec- 
tronic pulse-time multipliers with two frequencies 
of saw-toothed voltage for work with narrow and 
broad band width, 10 electromechanica! multipliers, 
made with servo systems. Electronic diode func- 
tional generators (20) allow us to carry out ap- 
proximation in 20 sections, with the help of ad- 
ditional block there is foreseen possibility of 
automatic adjustment of these generators for re- 
production of given nonlinear dependence. Fur- 
thermore, in installation are mounted 6 devices 
for transformation of coordinates, & sine-cosine 
generators, 10 pairs of diode elements, Setup 
18 carried out on plug-in setting field with 
3600 holes, by shielded connecting wires. With 
machine there can be used system of automatic set- 
ting of potentiometers from punched tape and 
electric typewriter. By this it is possible to 
give signal for measurement of output of any 
computing element of the installation, 


Passive circuits of operational amplifiers 


are located in special housing, inside which a 
constant temperature is maintained. 
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Fig. 279. Electronic analog commuter of 
"Goodyear Avicraft Corporat.?.on” type GEDA. 


Installation is intermiod for solution 
of linear and nonlinear differential equia- 
tions. Installation includes: i108 opera- 
tional amplifiers with centraliz*:: system 
of compensation of drift cof sero .evel, 

6 slectronic diode functional generators, 
approximating giver nonlinear dependence 
in 10 sections, 6 electronic milse-time 
multipliers. 


For setup there servs two plug-in set- 
ting fields. There is a digital voltneter, 
Mnich in combination with accurate bridge 
ie used for setting potenticmsters and auto- 
matic printing of results. Servo systems 
are used for automatic setting of po- 
tentiometere and functional gensrators. In 
installation is a syetem, allowing us auto- 
matically to control and read output voltage 
from any computing element. 
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Fig. 280. Alectronic inalog computer cf 
Reeves Instruments Corporation of type 
REAC-301. 


inetallation is intendsd for sciution 
of ordinary iinear differential equations 
up to and including sixth order, It con- 
sists of 12 operational amplifiers with 
automatic stabilisation of sero iewel, i8 
accurate potentiometers, stabilised power 
supplies and a 26-volt supply for relays. 
Setup is carried out cn plug-in setting 
field, 
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Fig, 281, Electronic analog computer 
REAC—400 of Reeves Instruments Corpora~ 
tion, 


Installation Contains 17 doubled 
Operational amplifiers, four high-speed 


formers of Coominates and Plug-in set. 
ting field, 


cg ate 





Fig. 282, Electronic analog computer of 
Control Specialists, Ince 


Installation is intended for solution 
of ordinary Linear differential equations 
up to and including sixth order, It con- 
sists of 12 d-c operational amplifiers with 
gain factor near 3+10% (six of them can 
work as an integrator). 





Fig. 263. Electronic analog computer of 
Donner Scientific Company. 


Installation consists of 10 opera- 
tional amplifiers, each { which is made 
with one pentode, Setup is carried out on 
a separate setting field. 
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Pig. 284. General view of site of computer of type "TRIDAC" of Elliot 
Brothers (England). 1 — laboratories, 2 — generating substation, 3 — 
site for electromechanical servo systems, 4 — hydraulic reductors, 5 — 
oil tank, 6 — location of hydraulic pumps, 7 ~- oil cooler, 8 — con- 
trol station, 9 -—— location for rectifiers, 10 — location for checking 
electronic devices, 11 ——- location for storage of instruments, 12 — fan, 
13 — air cooler, 
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Fig. 285. Model assembly of stands of non- 


linear analog with 12 operational amplifiere, 
SEA (France), 


el yee- 








§ 





Fig. 28. Simulator of increased accuracy 
of type OME-P-2 of SEA (France). 
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Fig. 287, Electronic analog computer, with iteration 
of solution, of Tokyo Shibaura Electric Co, 


Installation consists of 12 operational amplifiers, 
interded for work as integrator, adder, and also for 
fulfillment of other linear operations, and 6 ampli- 
fiers, utilised for multiplication by constant coeffi- 
cient and inversion. To execute nonlinear operations 
there is foreseen a multiplier, two functional genere- 
tors and a certain number of elements for reproduction 
of type nonlinear characteristics, Limite of linearity 
of output voltage + 50 v. Control voltage is fed from 
separate generator of cyclic pulses, For observation 
of solution there is used a built-in cathode oscillo- 
graph, 
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Fig, 288, Electrons. analog Con. 
Puter wity iteration of Solution, 
Nippon Electrie Co, 
Installation Provides Solu. 
tion of >Foblem in 2 50 ang 100 
rilliseconda,; it CONSi sts of 12 
integrators, 10 Summers , 6 Scale 
blocks and 4 Inverters, To axe. 
Cute Nonlinea, “Perations there 
are: One Mltiplion One diodg 
functiona) BMerator One Cathode. 





at 


i 
i 
4 
4 





Fig. 290. Smali electronic analog computer 
of type MEDA (Czechoslovakia). 


It 18 intended for solution of linear 
and nonlinear differential equations. It 
contains 20 operational amplifiers with 
automatic stabilization of zero level. 
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Fig. 291 Complec of electronic analog equipment (developed VVZ TESLA 
Pardubice) of type AR3 (left part), ARS (right side) (Czechoslovakia). 


AR3 is electronic analog computer of average divension, consisting 
of 112 operational amplifiers, of which 64 are used to e.ecute linear, 
and 48, nonlinear operations. Nonlinear part includes: 16 diode lini- 
ters, 4 universal functional generators, 16 specialized functional gen- 
erators, 4 diode mitipliers, 8 electromechanical multipliers, 10 
voltage comparators, 6 devices for reproduction of time dependences. 


AR, —- small electronic analog computer, having 16 operational 
amplifiers and the following nonlinear computing elements: 4 diode 
limiters for inclusion in feedback circuit, 2 diode bridge limiters for 
inclusion at input of opsrational amplifier, 8 specialized functional 
generators (4 for reproduction of function x2, 2 for reproduction of 
function x3 and 2 for reproduction of function sin a) 





Fig. 292, Electronic analog computer of 
VEB Archimedes Rechenmaschinenfabrik of 
type EAR-64 (German Democratic Republic). 


Universal installation for salution 
of linear and nonlinear differential equa- 
tions. It consists of 64 operational an- 
plifiers with automatic stabilisation of 
sero level, of which 32 can work as inte- 
gretor and sumer, To execute nonlinear 
operations there can be used 16 nonlinear 
computing elements (electronic mitipliers 
and universal functional generators). Non- 
linear camputing clemente are constructed 
on basis of piecewise-linear approximation 
on diode elements. There is a setting 
field of 100 eccurate potenticmeters for 
setting coefficients, 4 amplifiers with re- 
lay output. 
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